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INTRODUCTION 

Smoking-related  cancers  such  as  lung  and  head  and  neck  cancers  are  a  major  cause  of  cancer 
death  in  the  United  States.  About  25%  of  lung  cancer  patients  are  diagnosed  with  stage  I  or  II 
disease  and  undergo  surgery  with  curative  intent,  but  the  5-year  survival  for  the  group  of 
patients  is  only  30%-70%.  Patients  with  a  strong  history  of  smoking  and  prior  early-stage  cancer 
are  found  to  be  at  high  risk  for  cancer  recurrence  or  development  of  second  primary  tumors 
(SPTs).  An  effective  adjuvant  therapy  after  surgery  in  this  group  of  patients  is  not  well 
established  yet.  The  survival  benefit  of  adjuvant  chemotherapy  after  surgery  was  uncertain  until 
recent  findings  reported  by  Winton  and  colleagues  (Winton  et  a!.,  2005).  They  found  that 
adjuvant  chemotherapy  (vinorelbine  and  cisplatin)  increases  the  5-year  survival  of  surgically 
resected  non-small  cell  lung  cancer  (NSCLC)  patients,  resolving  the  debate  over  the  benefit  of 
adjuvant  chemotherapy.  Thus,  better-designed  clinical  trials  and  basic  studies  are  needed  to 
establish  the  standard  of  care  for  these  patients  after  surgery. 

The  program  VITAL  (Vanguard  Trial  of  Investigational  Therapeutics  in  Adjuvant  Treatment  of 
Lung  Cancer)  developed  in  2003  leads  to  this  direction.  It  aims  to  develop  a  risk  assessment 
model  for  cancer  recurrence  and  development  of  smoking-related  SPTs  based  on  the 
understanding  of  molecular  events  in  pre-malignant  tissues  that  underlie  progression  to 
malignancy  in  the  high-risk  population  and  identify  effective  agents  in  early  prevention  of  these 
events  in  this  group  of  patients.  Specifically,  our  objectives  are 

•  To  identify  biologically-based  treatments  for  prevention  of  cancer  recurrence  and 
development  of  second  primary  tumors  in  high-risk  patients 

•  To  understand  molecular  events  in  premalignant  tissues  that  contribute  to  progression  or 
malignancy 

•  To  develop  a  risk  prediction  model  for  disease  recurrence  and  development  of  second 
primary  tumors  in  high-risk  patients  by  combining  clinical  treatment  outcomes  with  molecular 
and  imaging  data. 

PROGRESS  REPORT  (BODY) 

Project  1 :  Biologic  Approaches  for  Adjuvant  Treatment  of  Aerodigestive  Tract  Cancer 

(PI  and  co-PIs:  Drs.  Waun  Ki  Hong,  Edward  S.  Kim,  Rodolfo  C.  Morice,  David  J.  Stewart) 


Specific  Aim  1.1  Assess  the  smoking-related  disease-free  survival  in  patients  who  are 
current  or  former  smokers  with  a  prior  definitively-treated  stage  I/ll 
lung  or  head  and  neck  cancer. 

The  main  objective  was  to  open  the  Vanguard  study  at  MDACC  as  well  as  the  2  other 
participating  sites.  A  total  of  300  patients  with  definitively  treated  stage  I/ll  lung  or  head  and 
neck  cancer  and  at  least  a  20-pack-year  smoking  history  will  be  enrolled  in  the  trials.  Enrolled 
patients  will  undergo  baseline  testing  including  chest  x-ray,  CT  scan,  labs,  bronchoscopy,  and 
other  specimen  collections  (i.e.,  sputum,  saliva,  serologies).  Bronchoscopies  and  specimen 
collection  will  be  performed  at  baseline  and  at  months  12,  24  and  36.  White-light  alone  or  white 
light  and  autofluorescence  modalities  will  be  used.  Abnormal  areas  detected  by  bronchoscopy 
will  also  be  biopsied.  Histologic  assessment  will  be  performed  to  determine  whether  malignant 
changes  will  occur  during  the  time  period.  If  severe  dysplasia,  carcinoma  in  situ  or  carcinoma  is 
discovered,  patients  will  go  for  the  plans  outlined  in  the  clinical  protocol.  Once  patients  have 
completed  3-year  testing,  they  will  be  followed  for  additional  years  until  the  study  is  completed. 
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Update 

Currently,  the  Vanguard  trial  has  been  activated  at  MDACC  and  Eisenhower  Medical  Center. 
Both  sites  are  enrolling  patients.  The  other  site  (Conemaugh  Memorial  Medical  Center)  has 
submitted  the  protocol  through  their  IRB  and  anticipates  possible  activation  in  the  first  quarter 
2006.  The  Eisenhower  group  has  visited  MDACC  to  familiarize  themselves  with  the  data  and 
specimen  collection  procedures.  The  Vanguard  trial  was  slightly  delayed  in  its  original  opening 
due  to  the  comprehensive  review  process.  The  approved  amendment  allows  prior 
chemotherapy  for  surgically  resected  lung  cancer  patients  that  has  helped  enrollment. 

Currently,  20  patients  are  enrolled  in  the  study. 

Aim  2  Evaluate  effects  of  biologic  agents  as  adjuvant  therapy  on  the  modulation  of 
histology  and  specific  biomarkers  in  this  high-risk  population. 

Current  adjuvant  chemotherapy  offers  some  benefits  in  the  high-risk  patients,  but  is  not  a  long¬ 
term  preventive  strategy.  We  plan  to  open  several  biologic  adjuvant  clinical  trials  with  novel 
agents  such  as  celecoxib,  erlotinib,  lonafarnib,  and  possibly  others.  Considerable  preclinical 
data  exist  for  these  agents  for  cancer  as  well  as  normal  or  precancerous  bronchial  epithelium. 

Update 

The  Vanguard  study  has  been  activated  and  is  accruing  patients.  The  first  biologic  adjuvant  trial 
using  celebrex  has  also  been  opened  but  no  patients  are  enrolled  yet.  The  next  biologic 
adjuvant  trial  using  erlotinib  is  now  being  written.  The  pharmaceutical  company,  Genentech, 
has  agreed  to  supply  erlotinib  for  this  study.  A  letter  of  intent  has  been  submitted  to  the 
company.  The  protocol  will  be  completed  first  quarter  with  planned  activation  in  the  second 
quarter,  2006. 

Aim  3  Develop  a  lung  cancer  risk  model  to  help  predict  the  likelihood  of  development 
utilizing  imaging  and  biologically-based  information  in  this  high-risk  population. 

Patients  with  a  history  of  smoking  and  a  prior  surgically  resected  stage  I/ll  head  and  neck  or 
lung  cancer  are  at  high  risk  for  cancer  recurrence  or  SPTs.  There  are  no  standard  interventions 
which  have  been  proven  to  help  reduce  the  risk  of  cancer  occurrence.  A  Gail  risk  model 
implemented  in  the  initial  management  of  breast  cancer  screening  has  proven  useful  and  has 
helped  with  early  detection  and  more  stringent  follow-up  in  the  higher  risk  cohorts.  Patients 
enrolled  in  the  Vanguard  trial  will  have  aggressive  post-operative  follow-up  with  analysis 
including  frequent  serologies,  bronchial  specimens  and  CT  scanning.  Trends  in  these  multiple 
biomarkers  would  be  analyzed  and  used  to  develop  a  predictive  model.  Establishing  a  risk 
model  will  eventually  help  identify  patients  who  may  be  at  higher  risk  for  lung  cancer 
development  and  promote  earlier  interventions  for  prevention. 

Update 

This  aim  will  be  completed  at  the  end  of  the  study  period. 

Conclusions  and  Future  Work 

The  opening  of  the  Vanguard  trial  is  key  to  the  grant.  Enrollment  screening  continues  at  a 
steady  pace.  Patient  tissues  are  collected  and  will  be  distributed  to  support  other  research 
projects  in  the  VITAL  grant.  The  celecoxib  biological  adjuvant  trial  is  open.  We  are  currently 
writing  the  adjuvant  erlotinib  trial.  We  have  begun  new  recruitment  strategies  for  the  Vanguard 
trial  to  increase  patient  accrual.  Strategies  include  distributing  brochures,  directly  contacting 
potential  patients,  increasing  referrals  from  other  disciplines,  advertising  the  trials  by  website 
and  local  radio  and  television  media,  and  utilizing  the  expertise  of  our  Business  Office  to  re¬ 
evaluate  patient  intake  processes  to  encourage  additional  referrals.  We  are  working  with  a 
representative  from  M.  D.  Anderson  Physician  Relations  who  can  assist  us  with  all  the  above. 
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We  are  also  working  through  M.  D.  Anderson’s  Graduate  School  of  Biomedical  Science  to 
recruit  an  intern  from  the  UT  School  of  Public  Health  to  assist  us  to  increase  community  and 
physician  awareness  of  the  Vanguard  trial.  We  have  implemented  the  student  internship 
approach  for  a  chemoprevention  trial  associated  with  a  Program  Project  grant.  We  have  over 
two  years  of  experience  with  this  program  now  and  it  has  proven  to  be  a  positive  and  worthwhile 
endeavor  which  has  had  the  desired  effect  on  patient  accrual  for  this  study. 
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Project  2:  Identification  of  Biomarkers  of  Response  to  Chemoprevention  Agents  in 
Lung  Epithelium 

(PI  and  co-PIs:  Li  Mao,  M.D.,  Reuben  Lotan,  Ph.D.,  John  Minna,  M.D.) 

We  proposed  to  use  genomic  and  proteomic  analysis  to  identify  changes  in  gene  expression 
and  proteins  which  correlate/associate  with  cancer  risk  in  the  carcinogen-damaged 
aerodigestive  tract  field  and  also  use  these  signatures  to  monitor  the  response  of  this  field  to 
chemoprevention.  We  will  determine  modifications  of  these  changes  by  chemopreventive 
agents  in  premalignant  cells  in  vitro  and  use  probes  for  the  modified  genes  and  proteins  to 
analyze  tissue  and  cellular  specimens  from  individuals  participating  in  the  chemoprevention 
clinical  trial. 

Aim  1  Develop  immortalized  human  bronchial  epithelial  cells  (HBEC)  using  a  subset  of 
patient  tissue  specimens  collected  in  Project  1  and  characterize  expression 
profiles  of  the  HBECs  using  oligonucleotide  microarrays. 

Update 

Development  of  HBECs  and  characterization  of  their  isogenic  variants  manipulated  to 
progress  toward  malignancy 

Over  the  past  two  years,  we  immortalized  human  bronchial  epithelial  cells  with  telomerase  and 
cdk4-mediated  pi  6  bypass  using  patient  samples  from  our  SPORE  effort  at  UTSW  and 
MDACC,  and  evaluated  the  contribution  of  three  genetic  alterations  (p53  knockdown,  K-RASV 12, 
and  mutant  EGFR)  to  lung  tumorigenesis  using  the  immortalized  HBECs.  RNAi  p53  knockdown 
or  oncogenic  K-RASV1Z  resulted  in  enhanced  anchorage-independent  growth  and  increased 
saturation  density  of  HBECs.  The  combination  of  p53  knockdown  and  K-RASv1z  further 
enhanced  the  tumorigenic  phenotype  with  increased  growth  in  soft  agar  and  an  invasive 
phenotype  in  3-D  organotypic  cultures  but  failed  to  cause  HBECs  to  form  tumors  in  nude  mice. 
Growth  of  HBECs  was  highly  dependent  on  epidermal  growth  factor  (EGF)  and  completely 
inhibited  by  epidermal  growth  factor  receptor  (EGFR)  tyrosine  kinase  inhibitors  (TKIs)  that 
induced  G1  arrest.  Introduction  of  EGFR  mutations  E746-A750  del  and  L858R  progressed 
HBECs  toward  malignancy  as  measured  by  soft  agar  growth,  including  EGF  independent 
growth  but  failed  to  induce  tumor  formation.  Mutant  EGFRs  were  associated  with  higher  levels 
of  pAkt,  pSTAT3  (but  not  pERK1/2),  and  increased  expression  of  DUSP6/MKP-3  phosphatase 
(an  inhibitor  of  pERK1/2).  These  results  indicate  that:  1)  the  HBEC  model  system  is  a  powerful 
new  approach  to  assess  the  contribution  of  individual  and  combinations  of  genetic  alterations  to 
lung  cancer  pathogenesis;  2)  a  combination  of  four  genetic  alterations  including  hTERT 
overexpression,  bypass  of  p16/RB  and  p53  pathways,  and  mutant  K-RASV12  or  mutant  EGFR  is 
still  not  sufficient  for  human  bronchial  epithelial  cells  to  completely  transform  to  cancer,  and  3) 
EGFR  tyrosine  kinase  inhibitors  inhibit  the  growth  of  preneoplastic  HBEC  cells,  suggesting  their 
potential  for  chemoprevention.  Detailed  description  can  be  viewed  in  Cancer  Research  in  2006 
(Sato  et  al. ,  2006). 

Until  now,  we  have  developed  about  30  such  lines  from  individual  patients  and  obtained  array 
based  CGH  data  and  Affymetrix  expression  array  data  on  about  15  of  these  and  the  rest  are 
being  completed.  These  arrays  show  that  the  HBECs  cluster  together  and  are  distinct  from  lung 
cancers  (Figure  1).  Also,  the  isogenically  manipulated  HBECs  (see  below)  altered  for 
oncogenic  changes  have  discrete  expression  profile  differences.  All  of  the  HBECs  have  been 
mycoplasma  tested  and  DIMA  finger  printed  for  current  and  future  identification.  Several  of 
these  have  been  supplied  to  investigators  in  different  components  of  this  DOD  application. 


5 


Army  Award  W81XWH-04-1-0142;  Waun  Ki  Hong,  M.D. 


When  patient  samples  from  VITAL  trials  become  available  we  will  try  to  immortalize  and  study 


these  cells. 


H1770(AB)  - 

HBEC2-KT 
H8EC3-KT  -r 

HBEC4-KT  - 

HBEC5-KT  — 

Figure  1.  Asymetrix  U133  2Plus  expression 
profile  comparisons  of  lung  cancer  lines  (green 
are  small  cell  lung  cancer,  blue  are  non-small 
cell  lung  cancer,  and  HBECs  (gray).  Note  that 
HBECs  have  gene  expression  profiles  which 
cluster  with  each  other  and  distinct  from  the  lung 
cancers  which  cluster  according  to  their  histologic 
tvoe. 


Figure  2.  Morphology  of  immortalized 
HBECs  cultured  on  organotypic 
cultures.  Stained  paraffin  cross-sections 
of  organotypic  cultures  demonstrated  the 
presence  of  squamous  to  cuboidal 
epithelial  cells  with  the  presence  of  cilia¬ 
like  structures  (top  panel).  Mucin  staining 
(brown)  demonstrated  the  presence  of 
goblet  cells  interspersed  among  ciliated 
cells  (middle  panel).  Cultures  were 
prepared  for  scanning  electron 
microscopy.  Ciliated  cells  in  various 
stages  of  differentiation  were  present,  a 
ciliated  cell  is  shown  in  bottom  panel. 


3D  Organotypic  Culture  Differentiation  of  the  HBECs 

In  the  present  study,  we  determined  whether  immortalized  HBECs  retain  the  ability  to 
differentiate  normally  (Figure  2).  HBECs  were  plated  atop  contracted  collagen  gels  containing 
lung  fibroblasts.  This  three-dimensional  (3D)  tissue  model  was  cultured  initially  submerged,  then 
raised  to  the  air/liquid  interface  for  up  to  28  days.  Normal  differentiation  was  assessed  by  the 
presence  of  ciliated  cells,  goblet  (mucin-producing)  cells,  and  basal  epithelial  cells.  Scanning 
electron  microscopic  observations  revealed  ciliated  cells  and  mucin-producing  cells  in  these  3D 
tissues.  Histological  examination  revealed  the  presence  of  mucin-producing  cells,  and 
immunohistochemistry  using  antibodies  against  p63  and  keratin  14  showed  the  presence  of 
basal  cells.  These  results  demonstrate  that  immortalized  HBECs  retain  the  capacity  to 
differentiate  into  each  of  three  cell  types:  basal,  mucin-producing,  and  columnar  ciliated 
epithelial  cells.  Details  can  be  reviewed  in  Differentiation  (Vaughan  et  al.,  2006) 

Oncogenic  manipulation  leads  to  an  invasive  phenotype  in  a  three-dimensional 
organotypic  culture  assay 
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To  evaluate  the  effect  of  oncogenic  manipulation  in  HBEC3s  and  on  their  ability  to  differentiate 
and  to  invade,  we  performed  three-dimensional  organotypic  culture  (Figure  3).  HBEC3  cells 
only  expressing  hTERT  and 
Cdk4  cells  formed  a  confluent 
layer  of  cells  on  the  upper 
surface  of  a  fibroblast  and 
collagen  gel  underlayer  and 
developed  both  ciliated  (see 
figure)  and  mucous  producing 
cell  types.  In  stark  contrast,  the 
cells  expressing  hTERT,  Cdk4, 

K-RASV12  and  p53  RNAi 
showed  histologic  change 
similar  to  metaplasia/dysplasia 
and  they  invaded  into  the 
fibroblast  and  collagen  gel 
similar  to  cancer  cells  invading 
into  the  submucosal  layer.  We 
conclude  from  these  studies 
that  p53  knockdown  and  K-RASV12  are  additive  in  malignant  transformation  leading  to  the 
development  of  anchorage-independent  growth  and  the  ability  to  invade  in  a  three-dimensional 
culture  system. 

Aim  2  Characterize  effects  of  the  chemopreventive  agents  used  in  Project  1  on  cell 
proliferation  and  apoptosis  in  the  HBECs  developed  in  Specific  Aim  1. 


<  iv  «  I 


V  * 


Figure  3.  Effect  of  p53  knock 
down  and  mutant  K-RASV12  on 
three-demensinal  organotypic 
culture  of  HBEC3  cells.  A, 

Stained  paraffin  cross-sections  of 
organotypic  cultures  of  HBEC3 
cells  demonstrated  that  they 
formed  a  confluent  layer  of  cells 
on  the  upper  surface  of  the 
culture  with  the  presence  of  cilia¬ 
like  structures.  B,  (Low 
magnification)  and  C,  (High 
magnification)  p53RNAi  and 
mutant  K-RASV'2  expressing 
HBEC3  cells  showed  a  histologic 
change  similar  to  metaplasia  and 
dysplasia  and  they  invaded  into 
the  fibroblast  and  collagen  under 
layer. 


Update 

Last  year,  we  reported  the  IC-50  and  some  effects  of  the  targeted  agents  such  as  gefitinib, 
erlotinib,  and  SCH66336  on  the  cell  lines.  Not  much  progress  for  the  aim  this  year. 

Aim  3  Identify  gene  expression  and  protein  signatures  for  lung  tumorigenesis  and 

sensitivity  or  resistance  to  chemopreventive  agents  used  in  Project  1,  validate 
the  signatures,  and  determine  their  biological  importance  in  precancer  cell 
models  of  lung  cancer 

Update 

Last  year,  we  characterized  the  CGH  and  gene  expression  profiles  of  HBECs,  demonstrated 
that  the  oncogenically  manipulated  HBECs  were  exquisitely  sensitive  to  EGFR  inhibitors 
gefitinib  and  erlotinib,  and  identified  gene  expression  signatures  of  sensitive  and  resistant  lung 
cancers  to  gefitinib  and  erlotinib  and  differentially  expressed  proteins  between  NSCLC  and 
HBEC  cells. 

In  this  period,  we  have  focused  on  protein  profiles  of  different  stages  of  lung  tumorigenesis  and 
microRNAs  (miRNAs)  between  NSCLC  and  HBEC  cells. 

Differential  protein  expression  in  a  lung  malignant  progression  model  system 

We  used  an  in  vitro  lung  carcinogenesis  model  consisting  of  normal  human  bronchial  epithelial 
(NHBE)  cell  strain,  HBE  cells  immortalized  by  SV40  T  antigen  (BEAS-2B),  (Reddel  et  al„  1988) 
and  cells  derived  from  BEAS-2B  by  exposure  to  CSC  including  transformed  1198  cells  and 
tumorigenic  1170-1  cells  and  control  immortalized  cells  1799  not  exposed  to  CSC  (Klein-Szanto 
et  al.,  1992)  to  determine  changes  in  protein  levels  in  different  stages  of  lung  carcinogenesis 
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using  a  high  throughput  western  immunoblotting  technique  called  PowerBlot  (Becton- 


Examples  of  the  PowerBlot 
analysis  of  proteins  in 
normal  and  tumorigenic 
cells  are  presented  in 
Figure  4.  Similar  analysis 
using  about  800  antibodies 
revealed  that  the  levels  of 
87  proteins  increased  by  > 
2  fold  and  the  levels  of  45 
proteins  decreased  by  >  2 
fold  in  tumorigenic  1170-1 
compared  to  normal  NHBE 
cells.  These  proteins 
included  some  that  are 
involved  in  DNA  synthesis 
and  DNA  repair,  cell  cycle 
regulation,  RNA 
transcription  and 
degradation,  translation, 
differentiation, 
angiogenesis,  apoptosis, 
cell  adhesion,  cytoskeleton 
and  cell  motility,  and  some  components  of  the  phosphatidylinositol  3-kinase  signaling  pathway. 
Conventional  western  blotting  confirmed  some  of  these  changes.  Furthermore,  similar  changes 
could  be  identified  in  immortalized  HBE  cells  and  their  transformed  non-tumorigenic  derivatives 
as  well  as  in  several  non-small  cell  lung  cancer  cell  lines.  Figure  5  shows  the  quantitative 
analyses  of  conventional  western  blotting  experiments  performed  with  the  different  cell  lines  of 
the  in  vitro  carcinogenesis  model. 


Dickinson). 


Fig.  4.  Powerblot  western  array  analysis  of  proteins  from  normal  (NHBE)  and 
tumorigenic  (1 1 70-1)  lung  epithelial  cells. 
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Development  of  novel  proteomics  approach  to  identify  protein  markers  different  between 
HBECs and  NSCLC 

We  are  developing  novel  2-DE-based 
strategies  to  enrich  moderately 
abundant  and  low-abundance  proteins 
in  complex  tissues  and  body  fluids.  One 
of  the  strategies  takes  advantage  of  the 
specific  binding  capability  of  certain 
chemicals  or  ions  (baits)  to  specific 
protein  structures  to  pull  down  a  subset 
of  cellular  proteins  and  their  binding 
partners  before  2-DE  analysis.  Using 
this  strategy,  we  are  able  to  achieve 
enrichment  of  total  cellular  proteins  by 
as  much  as  100-fold  in  each  selection 
(Figure  6).  More  important,  this  strategy 
allows  us  to  determine  the  potential 
functions  of  the  proteins,  which  may  be 
a  result  of  hard  to  find  point  mutations  of 
the  corresponding  genes,  because 
changes  in  those  functions  may  affect  those  proteins'  ability  to  bind  other  proteins.  A  sequential 
use  of  different  baits  may  allow  enrichment  and  visualize  more  proteins  with  different 
biochemical  properties. 

Differential  expression  of  miRNAs  between  HBECs  and  NSCLC 

We  studied  expression  status  of  more  than  200  miRNAs  in  five  immortalized  bronchial  epithelial 
cell  lines  (HBE1 ,  HBE2,  HBE3,  HBE4,  and  HBE5)  and  five  NSCLC  cell  lines  (HI  944,  HI 792, 
H226,  A549,  and  HI 299)  using  a  micro-fluid-based  RNA  microarray.  We  identified  several 
miRNAs  with  substantial  expression  difference  between  the  immortalized  bronchial  epithelial 
cells  and  lung  cancer  cells  (Figure  7)  suggesting  a  potential  role  of  these  miRNAs  in  lung  cancer 
progression.  Additional  experiments  are  needed  to  determine  the  biologic  roles  of  the  miRNAs 
in  lung  tumorigenesis. 


Total  protein  Enrich  #1  Enrich  #2 

Fig.  6.  Sequential  functional  enrichment  of  cellar  proteins  to  identify  low- 
abundant  and  functionally  altered  proteins.  Left  panel  represents  total 
proteins  from  immortalized  normal  bronchial  epithelial  cells  (HBE)  and 
NSCLC  cell  line  H1299.  The  middle  and  right  panels  represent  tow 
sequential  enrichment  fractionations.  Examples  of  enriched  and  differentially 
oresented  nroteins  are  hiohliohted  in  red  or  oreen  circles. 
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Figure  7. 

Expression  of 
miRNAs  in 
immortalized 
normal 
bronchial 
epithelial  cells 
and  non-small 
cell  lung 
cancer  cells. 
Circles 
indicate 
miRNAs 
differentially 
expressed 
between  the 
normal  and 
tumor  cells. 
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Aim  4  Develop  techniques  to  assess  these  molecular  signatures  in  tissue  specimens 
and  serum  obtained  in  Project  1  and  assess  the  relevance  of  these  molecular 
signatures  as  in  vivo  biomarkers  using  baseline  and  post-treatment  specimens 

Experiments  for  this  aim  will  be  initiated  in  the  grant  years  3-5. 

Conclusion  and  Future  Work 

We  can  conclude  that: 

1 )  The  isogenically  manipulated  HBEC  system  is  a  powerful  approach  to  assess  the 
contribution  of  individual  genetic  alterations  to  tumorigenesis  of  lung  cancer; 

2)  The  effect  of  p53  knockdown  and  K-RASV12  on  tumorigenesis  appears  to  be  additive  and 
the  combination  of  four  genetic  alterations,  including  hTERT  overexpression,  bypass  of 
p16/RB  and  p53  pathways,  and  mutant  K-RASV12,  is  not  sufficient  for  human  bronchial 
epithelial  cells  to  completely  transform  to  cancer. 

3)  EGFR  tyrosine  kinase  inhibitors  may  be  useful  as  chemopreventive  drugs  for  lung  cancer, 
and  expression  signatures  for  sensitivity  and  resistance  to  EGFR  tyrosine  kinase  inhibitors 
are  correlated  with  EGFR  tyrosine  kinase  domain  mutations  found  in  lung  cancers. 

In  the  next  year,  we  will  develop  HBEC  lines  that  contain  mutated  EGFR  found  in  lung  cancers 
for  testing  the  effect  on  biologic  behavior  and  on  response  to  chemoprevention  agents.  We  will 
continue  to  establish  new  immortalized  HBEC  cultures  when  patient  samples  become  available 
from  the  VITAL  trials.  We  will  continue  to  test  new  chemoprevention  agents  on  the  HBECs  with 
and  without  oncogenic  manipulation.  We  are  proceeding  with  proteomic  studies  of  the  HBEC 
cultures. 
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Project  3:  Premalignant  Bronchial  Epithelia:  Molecular  and  Cellular  Characterization  of 
Lung  Tumorigenesis 

(PI  and  co-PIs:  Walter  Hittelman,  Ph.D.,  Ja  Seok  Koo,  Ph.D.,  Rodolfo  C.  Morice,  M.D.) 

Aim  1  Identify  and  characterize  differentially  expressed  genes  in  LIFE  bronchoscopy- 
identified  abnormal  areas  of  bronchial  epithelia  of  enrolled  subjects  in  VITAL 
trials 

Previous  studies  show  that  abnormal  bronchial  regions  have  increased  genetic  changes 
compared  to  normal  sites  detected  by  LIFE  bronchoscopy  even  if  there  are  no  histological 
differences  and  are  at  increased  risk  for  cancer  development,  especially  when  they  contain 
particular  genetic  alterations.  We  hypothesize  that  the  LIFE-positive  lesions  represent  an  early- 
stage  tumorigenesis  and  express  genes  important  for  tumorigenesis.  We  will  conduct 
comparative  gene  expression  analysis  using  LIFE-positive  and  LIFE-negative  samples  from  the 
same  patient  to  identify  those  genes. 

Update 

As  detailed  in  the  previous  report,  because  of  the  delay  of  the  VITAL  trials  and  FDA  approval  of 
the  Xillix  OncoLIFE  autofluorescence  system,  we  focused  efforts  on  establishing  the  procedures 
required  for  the  Aim,  such  as  the  handling  of  clinical  specimens  and  performing  some 
microarray  analysis  using  RNA  isolated  from  bronchial  brush  specimens  obtained  from  normal 
and  abnormal  areas,  using  the  old  version  of  the  bronchoscopic  endoscope. 

LIFE  Bronchoscopy 

The  LIFE  system  was  finally  in  place  on  Aug  16,  2005.  To  date,  we  have  performed  LIFE 
bronchoscopies  on  6  of  14  patients  enrolled  in  the  Vanguard  study  as  described  in  Project  1  and 
the  Pathology  Core.  We  plan  to  select  10  qualified  patients  who  have  sites  of  1)  normal  WL  and 
normal  LIFE;  2)  normal  WL  and  abnormal  LIFE,;  and  3)  abnormal  WL  and  abnormal  LIFE  for 
the  study.  For  each  site,  we  will  collect  two  biopsies  (one  for  cell  culture  and  the  other  for 
histology  assessment)  and  two  brushes  (one  for  RNA  extraction  and  the  other  for  cytology 
examination).  In  addition,  data  of  abnormalities  including  number,  location,  size,  fluorescent 
abnormality  score,  and  documentation  of  images  will  be  recorded  on  all  participating  subjects. 
These  clinical  data  will  be  correlated  with  molecular  and  cellular  characteristics  after  completion 
of  the  aim. 

Identification  of  Progressive  Overexpression  of  Prostate  Stem  Cell  Antigen  (PSCA) 

As  reported  last  year,  we  conducted  some  microarray  analysis  and  compared  differentially 
expressed  genes  between  the  abnormal  bronchoscopic  region  and  normal  bronchial  epithelia. 
After  verification  recently,  we  found  that  prostate  stem  cell  antigen  (PSCA)  is  a  gene 
differentially  expressed  in  the  abnormal  bronchial  region. 

PSCA  is  a  member  of  the  Ly-61/Thy-1  family  of  GPI-anchored  membrane  proteins  (Reiter,  Gu 
et  al.  1998)  and  highly  expressed  in  a  majority  of  prostate  cancer  cases.  Increased  PSCA 
expression  is  related  to  increased  tumor  stage,  grade  and  progression  of  prostate  cancer,  and 
also  poor  prognosis  (Gu,  Thomas  et  al.  2000;  Lam,  Yamashiro  et  al.  2005).  Moreover,  PSCA  is 
also  highly  expressed  in  pancreatic  cancer  cells,  transitional  cell  carcinoma  (Amara,  Palapattu 
et  al.  2001),  and  in  many  gastrointestinal  cancers  (Lukyanchuk,  Friess  et  al.  2003).  However, 
there  is  no  report  on  the  possible  role  and  abnormal  expression  of  PSCA  in  lung  cancer. 

To  determine  whether  PSCA  is  involved  in  the  progression  of  lung  carcinogenesis,  expression 
levels  of  PSCA  mRNA  were  determined  using  RNA  samples  isolated  from  in  vitro  lung 
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carcinogenesis  model  cell  lines  that  included  normal  immortalized  (BEAS-2B  and  1799), 
transformed  (1198),  and  tumorigenic  (1170-1)  human  bronchial  epithelial  (HBE)  cells. 

Levels  of  PSCA  mRNA  were  determined  by  real-time  PCR  analysis.  As  shown  in  Figure  3,  the 
expression  of  PSCA  mRNA  was  gradually  increased  as  carcinogenesis  progressed.  This 
preliminary  result  suggests  that  PSCA  may  be  upregulated  during  multistep  lung  tumorigenesis. 
Further  studies  are  underway  to  confirm  this  finding. 


40-1 


BEAS-2B  1799  1198  1170-1 


Figure  1.  Comparison  of  the  PSCA  expression  in  in 
vitro  lung  carcinogenesis  model  cell  lines.  PSCA 
mRNA  expression  in  in  vitro  lung  carcinogenesis 
model  cell  lines  (BEAS-2B,  1799,  1198,  and  1170-1) 
was  validated  by  quantitative  RT-PCR  (QRT-PCR) 
analysis.  Each  sample  was  normalized  with  GAPDH. 
Data  are  presented  as  the  fold  increases  of  PSCA 
relative  to  BEAS-2B  cell. 


Reconstruction  of  bronchial  epithelium  of  lung  cancer  patients  in  vitro 

To  reconstruct  bronchial  epithelium  of  lung  cancer  patients  in  vitro,  we  have  isolated  normal- 
appearing  bronchial  epithelial  cells  from  resected  lung  tumor  specimens  and  cultured  them  on 
porous  membranes  using  an  organotypic,  air-liquid  interface  (ALI)  culture  method.  We  have  so 
far  harvested  bronchial  epithelial  cells  from  53  different  cases.  To  characterize  the  in  vitro 
reconstructed  bronchial  epithelium,  histologic  analysis  was  performed  using  sections  of  28-day- 
old  cultures.  Briefly,  surgically  resected  tissue  specimens  (3  mm2)  containing  bronchial 
epithelium  were  plated  onto  60  mm  dishes  with  BEGM  media  (Clonetics,  San  Diego,  CA) 
containing  insulin  (5  pg/ml),  hydrocortisone  (0.072  pgl  ml),  transferrin  (10  pg/ml),  epinephrine 
(0.5  pg/ml),  triiodothyronine  (6.5  ng/ml),  epidermal  growth  factor  (0.5  ng/ml),  bovine  pituitary 
extract  (1%  v/v),  gentamicin  (50  pg/ml),  amphotericin  B  (50  ng/ml),  and  retinoic  acid  (5  *  10-8 
M).  Epithelial  cells  were  harvested  by  enzymatic  detachment  and  seeded  onto  transwell-clear  6 
well  plates.  The  cultures  were  maintained  in  the  above  media  for  28  days.  An  air-liquid  interface 
(ALI)  was  created  on  day  7  by  removing  the  medium  overlying  the  cells  growing  on  the  filters. 
The  cultures  were  fixed  in  buffered  formalin  solution  on  day  28  and  histologic  slide  sections 
were  prepared. 

Representative  histologic  images  of  the  sections  are  shown  in  Figure  2.  H&E  staining  of  the 
cross-sections  of  the  cultures  showed  various  irregular,  epithelial  morphologies.  For  example, 
cases  A  and  B  showed  depolarized  and  flattened  epithelium  without  noticeable  differentiation 
into  ciliated  cells.  Cases  C  and  D  showed  metapiastic  and  mildly  dysplastic  multilayered 
epithelium  with  ciliated  differentiation.  It  is  noteworthy  that  the  polarity  of  the  epithelium  was 
substantially  compromised.  However,  the  morphologies  of  bronchial  epithelial  cells  from  lung 
cancer  patients  was  not  as  dysplastic  as  NCI-H292  non-small  cell  lung  cancer  cells  grown  by  an 
ALI  method  (Figure  3). 
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A.  B 


Figure  2.  Histomorphological  analysis  of  the  reconstructed  bronchial  epithelium  using  airway  epithelial  cells 
isolated  from  resected  lung  tumors.  H&E  staining.  Magnification,  400X. 


Figure  3.  Histological  analysis 
of  normal  human 
tracheobronchial  epithelial 
(NHTBE)  cell  and  NCI-H292 
cancer  cells  grown  in  ALI 
cultures.  NHTBE  cells  were 
grown  for  28  days,  then  fixed  in 
10%  neutral  buffered  formalin, 
embedded  in  paraffin,  sectioned, 
and  stained  with  hematoxylin  and 
eosin.  H292  cells  grown  in 
RPMI1640  supplemented  with 
10%  fetal  bovine  serum  for 
10  days  in  ALI  culture  were 
prepared  and  stained  with 
hematoxylin  and  eosin. 


Here,  we  have  demonstrated  that  bronchial  epithelial  cells  harvested  from  resected  lung  tumor 
specimens  were  successfully  reconstructed  airway  epithelium  in  vitro.  In  a  similar  manner, 
epithelial  cells  isolated  from  LIFE  abnormal  lesions  of  the  VITAL  patients  will  be  used  for  studies 
described  in  the  subsequent  aims. 

Aim  2  Establish  an  organotypic  model  system  that  mimics  in  vivo  interactions  between 
normal,  premalignant,  and  malignant  bronchial  epithelial  cells  in  the  lung  by 
using  bronchial  biopsies  of  subjects  entered  in  VITAL  trials  and  immortalized 
bronchial  epithelial  cells 

To  better  understand  the  molecular  basis  of  preferential  outgrowth  of  more  advanced  bronchial 
epithelial  clones,  we  proposed  to  utilize  the  organotypic  culture  system.  The  organotypic  culture 
environment  mimics  lung  stratified  epithelium,  complete  with  basal  cells,  ciliated  columnar  cells, 
and  mucus-producing  goblet  cells.  Our  group  has  extended  this  model  system  by  tagging  cell 
populations  with  fluorescent  probes  (e.g.,  green  fluorescence  protein)  that  allow  us  to  carry  out 
live  cell  imaging  of  mixed  clonal  populations.  We  aim  to  compare  the  differential  growth 
properties  in  organotypic  cultures  of  bronchial  epithelial  cells  derived  from  LIFE  bronchoscopy 
positive  regions  with  those  from  negative  regions 
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Update 

As  reported  last  year,  because  of  the  delay  of  Project  1  and  the  implementation  of  the  new 
fluorescence  bronchoscopy  apparatus,  our  studies  have  focused  on  in  vitro,  organotypic  studies 
using  already  established  bronchial  epithelial  cell  types  including  normal  bronchial  epithelial 
cells  (NHBE),  NHBE  immortalized  (Jerry  Shay)  with  hTERT  and  cdk4  (HccBE),  NHBE  cells 
immortalized  (Klein-Szanto)  with  Ad12/SV40  (Beas  2B),  and  immortalized  (1799),  transformed 
(1198),  and  tumorigenic  (11701)  carcinogen-treated  Beas2B  cells.  In  the  past  year,  we  have 
obtained  two  new  immortalized  HccBE  cell  strains  from  Drs.  Jerry  Shay  and  John  Minna  that 
were  derived  from  additional  subjects  who  gave  bronchial  biopsies. 

Last  year  we  reported  that  NHBE  cells  preferentially  undergo  DNA  synthesis  and  mitosis  at  the 
basal  layer  and  HccBE  cells  proliferate  at  the  basal  and  peribasal  layers.  In  contrast,  more 
advanced  bronchial  epithelial  cells  proliferate  throughout  the  multilayer  cultures  (Figure  4).  To 
determine  whether  immortalized  bronchial  epithelial  cells  derived  from  different  individuals  with 
a  chronic  smoking  history  show  similar  trends  for  the  spatial  location  of  proliferating  cells,  we 
compared  the  three  HccBE  cell  strains  for  the  spatial  location  of  their  proliferating  cells  using 
both  BrdU  labeling  and  phospho-histone  3  labeling.  As  shown  in  Figure  5,  while  the  three  cell 
lines  differed  somewhat  in  their  overall  labeling  indices,  most  of  the  proliferation  for  the  three 
HccBE  cell  strains  tested  occurred  at  the  basal  membrane  with  a  fraction  of  the  cells 
proliferating  away  from  the  basement  membrane. 


Changing  Spatial  Proliferation  Patterns 
With  Multistep  Lung  Tumorigenesis 
(Orthogonal  Confocal  Stack  Projections} 
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Figure  4.  Spatial 
location  of  proliferating 
lung  epithelial  cells  in 
organotypic  cultures 
visualized  by 
immunostaing  and  laser 
scanning  confocal 
microscopy.  Proliferating 
cells  were  detected 
either  in  S  phase  using 
BrdU  immunolabeling  or 
in  mitosis  with  phospho- 
Histone  H3  labeling. 
Note  that  the  more 
advanced  cells 
proliferated  away  from 
the  basal  layer. 


Figure  5.  Spatial  location  of  proliferating 
cells  in  organotypic  cultures  of  immortalized 
bronchial  epithelial  cell  lines  Hcc-BEI  (top), 
Hcc-BE2  (middle),  and  Hcc-BE3  (bottom). 

Proliferating  cells  were  detected  in  S  phase  by 
ludR  labeling  and  green  immunofluorescence 
staining.  The  image  represents  an  orthogonal 
stack  from  three-dimensional  laser  scanning 
confocal  microscopic  analysis.  The  nuclei  are 
stained  with  propidium  iodide  and  fluoresce  red- 
orange. 
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Aim  3  Determine  the  mechanisms  of  genetic  instability  and  elucidate  the  signaling 
pathways  associated  with  clonal  outgrowth  of  premalignant  and  malignant 
bronchial  epithelial  cells  using  the  organotypic  model  system 

We  hypothesize  that  years  of  tobacco  exposure  induces  a  chronic  damage  and  wound  healing 
cycle  that  results  in  the  accumulation  of  genetic  alterations  in  the  epithelial  cells  that  influences 
chromosome  stability  mechanisms  (e.g.,  loss  of  cell  cycle  checkpoint  and  cell  loss  mechanisms 
through  loss  of  p16  expression,  p53  mutations,  cyclin  D1  overexpression,  etc)  and  a  poor 
growth  environment  (e.g.,  altered  stromal  signals).  We  will  utilize  the  lung  organotypic  model  to 
address  the  hypothesis  using  bronchial  epithelial  cells  derived  from  LIFE  bronchoscopically 
identified  “abnormal"  and  “normal”  regions  of  the  lung  of  current  and  former  smokers 
participating  in  the  VITAL  trials. 


Update 

Since  the  delay  of  the  VITAL  trials,  we  still  utilized  the  same  cell  types  as  described  above  for 
our  pilot  studies  as  presented  last  year. 


In  the  last  report,  we  indicated  that  the  frequency  of  ongoing  genetic  instability  events  of  the 
various  bronchial  epithelial  cell  lines  appeared  to  be  low  in  normal  bronchial  epithelial  cells, 
slightly  elevated  in  immortalized  HccBEI  cells,  and  significantly  increased  in  the  large  T- 
antigen-immortalized  Beas2B  as  well  as  its  derivative,  more  progressed  cell  lines  (1799,  1198, 
and  tumorigenic  11701  cells).  This  increased  genetic  instability  appeared  to  be  associated  with 
dysregulated  cell  cycle  proliferation  since  the  frequency  of  abnormal  genetic  events  (i.e., 
chromosome  instability  as  evidenced  by  chromosome  bridges  and  lagging  chromosomes  at 
anaphase)  seemed  to  be  increased  in  cells  that  proliferated  away  from  the  basement  membrane 
(Figure  6-left  and  6-right).  Moreover,  the  chromosome  regions  that  were  physically  involved  in 
the  chromosome  instability  events  (e.g.,  lagging  chromosome  fragments;  chromosome  bridges) 
appeared  to  preferentially  involve  late  replicating  regions  of  the  cellular  genome. 


Figure  6.  Frequency  and  spatial  distribution  of  chromosome  instability  events  as  detected  In  anaphase 
preparations  of  bronchial  epithelial  cells  grown  in  organotypic  cultures  Note  the  increased  levels  of  chromosome 
instability  when  bronchial  epithelial  cells  divide  away  from  the  basal  layer. 


More  recently,  we  have  compared  the  genetic  instability  levels  in  the  three  HccBE  cell  lines  that 
had  been  derived  from  three  different  individuals  who  had  a  long  history  of  chronic  smoking 
exposure.  Of  interest,  the  three  cell  lines  exhibited  different  levels  of  chromosome  instability  in 
three  dimensional  cultures  as  evidenced  by  the  presence  of  chromosome  bridges,  lagging 
chromosomes,  and  multipolar  mitoses.  HccBEI  cells  showed  the  highest  level  of  chromosome 
instability  with  23.5%  of  the  anaphases  showing  lagging  chromosomes.  Hcc-BE2  cells  showed 
2.7%  and  2.7%  of  the  anaphases  with  lagging  chromosomes  or  chromosome  bridges, 
respectively.  HccBE3  cells  showed  lower  instability  levels,  closer  to  that  found  in  normal 
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bronchial  epithelial  cells.  Interestingly,  as  found  previously,  the  frequency  of  chromosomal 
instability  events  was  increased  in  cells  that  proliferated  away  from  the  basal  layer. 


To  better  understand  the  molecular  mechanisms  driving  genetic  instability,  we  examined  the  cell 
populations  growing  in  the  three  dimensional,  organotypic  cultures.  We  first  employed  an 
antibody  that  recognizes  phosphorylated  Histone  H2AX.  Recent  studies  have  indicated  that 
histone  H2AX  gets  phosphorylated  and  localizes  to  the  sites  of  DNA  double  strand  breaks.  An 
antibody  to  phosphorylated  H2AX  has  been  used  to  visualize  the  location  of  DNA  double  strand 
breaks  and  their  repair  foci  in  cells.  More  recently,  it  has  been  suggested  that  this  antibody  can 
also  recognize  phosphorylated  H2AX  in  other  molecular  entities  in  the  cell  such  as  blocked  DNA 
replication  forks.  We  therefore  stained  organotypic  cultures  of  our  various  cell  lines  with  this 
antibody  to  phosphorylated  Histone  H2AX  and  quantified  the  frequency  and  spatial  localization 
of  labeling.  Qualitatively  speaking,  the  frequency  of  NHBE  cells  decorated  with  this  antibody 
was  quite  low  in  these  organotypic  cultures.  However,  if  we  irradiated  these  cells  with  ionizing 
radiation  just  prior  to  harvesting  the  cultures,  nearly  all  the  cells  exhibited  nuclear  foci  with 
profound  positive  staining  (Figure  7).  This  suggested  that  normal  bronchial  epithelial  cells  are 
capable  of  phosphorylating  Histone  H2AX  when  stressed  with  ionizing  radiation;  however,  they 
do  not  show  significant  Histone  H2AX  phosphorylation  in  organotypic  culture  growth.  In  striking 
contrast,  tumorigenic  11701  cells  showed  a  high  frequency  of  cells  exhibiting  phosphorylated 
Histone  H2AX,  even  in  the  unperturbed  state  of  organotypic  culture  (Figure  8).  Two  types  of 
staining  patterns  were  detected.  Apoptotic  cells  showed  a  high  uniform  nuclear  staining  pattern, 
likely  associated  with  DNA  fragmentation  associated  with  the  apoptotic  process.  The  second 
pattern  of  staining  observed  was  the  presence  of  nuclear  focal  staining,  similar  to  that  seen  in 
cells  early  after  exposure  to  ionizing  radiation.  Interestingly,  the  frequency  of  cells  positive  for 
Histone  H2AX  phosphorylation  was  markedly  increased  in  cells  away  from  the  basal  layer. 


Un  irradiated  HCC-BE  Cells 
Nuclei  (PI  -  red)  H2«X-y  (Green) 


Irradiated  HCC-BE  Cells 
Nuclei  (PI)  H2AX-/  (Green) 


Figure  7.  Induction  of 
phosphorylated  H2AX  foci 
in  organotypic  cultures  of 
Hcc-BE  cells  by  ionizing 
radiation.  Hcc-BE  cells  were 
grown  in  organotypic  cultures 
and  treated  with  ionizing 
radiation  2  hr  prior  to  fixation. 
Nuclear  foci  showing 
phosphorylated  H2AX  were 
detected  by  immunostaining 
(green)  and  nuclear 
counterstaining  with  PI. 


Figure  8. 
Differential 


patterns  of  H2AXv 
staining  in 


immortalized  Hcc- 
HCC-BEl  cells  BE1  cells  and  in 

11701  lung  tumor 
cells.  Note  the 
infrequent  positive 
cell  in  Hcc-BE  1  cells 
and  the  frequent 
H2AXy  -positive  cells 
in  the  11701 

11701  Cells  organotypic  cultures. 

especially  in  cells 
away  from  the  basal 
layer. 
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To  determine  whether  the  frequency  of  cells  exhibiting  phosphorylated  H2AX  staining  was 
associated  with  the  degree  of  chromosome  instability,  we  compared  the  three  HccBE  cell  lines 
for  their  frequencies  and  spatial  location  patterns  of  H2AX  phosphorylation  staining. 

Interestingly,  HccBEI  cells,  the  population  showing  the  highest  levels  of  chromosome  instability, 
showed  the  highest  level  of  phosphorylated  H2AX  staining  when  compared  to  HccBE2  and  Hcc 
BE3  cells.  But  as  found  with  other  cell  lines,  the  frequencies  of  cells  showing  phosphorylated 
Histone  H2AX  was  highest  in  cells  away  from  the  basal  layer.  At  present,  we  cannot  distinguish 
whether  histone  H2AX  gets  phosphorylated  following  genetic  instability  events  at  mitosis  or 
whether  the  phosphorylation  event  precedes  the  mitotic  event,  as  might  be  the  case  if  the  H2AX 
phosphorylation  was  a  result  of  stalled  DNA  replication  forks  in  cells  dysregulated  in  proliferation 
away  from  the  basal  layer.  The  latter  hypothesis  is  a  distinct  possibility  since  our  earlier  work 
indicated  that  chromosome  instability  events  preferentially  involve  late  replicating  genomic 
regions.  In  addition,  we  have  shown  in  other  cell  systems  that  the  overexpression  of  cyclin  D1  in 
cells,  known  to  result  in  alteration  of  patterns  of  DNA  replication,  leads  to  chromosome 
instability  at  mitosis. 

Aim  4  Characterize  the  impact  of  chemopreventive  and/or  chemotherapeutic  agents  on 
early  lung  tumorigenesis  events  in  reconstructed  bronchial  epithelium  and  in  the 
bronchial  biopsies  of  subjects  entered  onto  the  VITAL  trials 

We  proposed  to  determine  whether  treatment  of  these  organotypic  cultures  with  the 
chemopreventive  agents  used  in  the  clinical  trial  of  Project  1  would  slow  the  aberrant  properties 
such  as  clonal  expansion  and  genetic  instability  in  vitro  and  whether  results  obtained  in  the 
organotypic  culture  model  reflected  those  seen  in  the  lungs  of  the  participants  in  the  VITAL 
trials. 

Update 

We  have  not  yet  initiated  the  studies  associated  with  Specific  Aim  4.  However,  the  new 
fluorescence  bronchoscopy  apparatus  is  now  approved  for  use  at  M.  D.  Anderson  Cancer 
Center  and  as  our  bronchial  endoscopists  become  more  familiar  with  the  use  of  the  instrument, 
we  will  finally  be  able  to  initiate  this  part  of  the  project. 

Conclusions 

We  have  successfully  completed  pilot  experiments  that  will  ensure  success  with  the  bronchial 
biopsy  and  brush  specimens  that  will  be  obtained  from  LIFE  bronchoscopy  of  participants  in  the 
clinical  trials  of  Project  1.  We  have  developed  and  demonstrated  our  capability  to  perform  gene 
expression  microarray  analyses  on  bronchial  epithelial  cells  obtained  from  endobronchoscopic 
procedures.  We  have  also  developed  and  demonstrated  our  capability  to  carry  out  clonal 
expansion  and  genetic  instability  analyses  of  bronchial  epithelial  cell  populations  grown  in  a  lung 
organotypic  model.  Our  future  plans  will  focus  on  utilizing  bronchial  specimens  derived  from 
participants  of  the  clinical  trial  of  Project  1.  In  particular,  we  will  compare  the  gene  expression 
patterns  between  bronchial  epithelial  regions  that  appear  positive  with  those  that  appear 
negative  on  LIFE  bronchoscopy.  We  also  will  inoculate  bronchial  epithelial  cells  derived  from 
these  biopsies  into  organotypic  cultures  and  examine  their  ability  of  preferential  take  over  of 
growth  surface  from  other  bronchial  epithelial  cells,  examine  their  degree  of  chromosome 
instability  in  organotypic  culture,  and  examine  the  effect  of  chemopreventive  agents  on 
preferential  clonal  outgrowth  and  genetic  instability.  We  will  also  begin  to  seek  additional 
funding  to  support  expanded  studies  on  the  molecular  underpinnings  of  preferential  clonal 
expansion  and  genetic  instability  using  this  organotypic  culture  model. 
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Project  4:  Modulation  of  Death  Receptor-Mediated  Apoptosis  for  Chemoprevention 

(Project  Leader  and  co-ieader:  Shi-Yong  Sun,  Ph.D.;  Fadlo  R.  Khuri,  M.D.) 

The  objective  is  to  understand  the  role  of  death  receptor  (DR)-mediated  apoptotic  pathways  in 
lung  carcinogenesis,  cancer  prevention,  and  therapy  in  order  to  develop  mechanism-driven 
combination  regimens  by  modulating  DR-mediated  apoptosis  for  chemoprevention  and  therapy 
of  lung  cancer. 

Aim  1  To  determine  whether  decoy  receptor  (DcR)  and  TRAIL  expression  are  reduced 
or  lost  while  DR  remains  largely  expressed  and  whether  procaspase-8  and  FLIP 
expression  and  Akt  activity  are  increased  during  lung  carcinogenesis. 

Update 

As  reported  last  year,  we  have  optimized  the  IHC  conditions  for  staining  of  DR4,  DR5,  DcRI,  DcR2, 
phospho-Akt,  TRAIL,  FLIP  and  caspase-8. 

Since  the  tissue  specimens  are  not  available,  we  instead  conducted  some  western  blotting  to  examine 
the  expression  of  several  key  proteins  in  death  receptor  signaling  pathways  in  a  panel  of  cell  lines 
including  normal,  premalignant,  transformed  or  cancer  cells.  DR4  and  DR5,  as  expected,  expressed  in 
the  majority  of  cell  lines.  DcRI  expression  was  detected  in  normal  BEAS-2B  cells,  but  not  in  the  rest  of 
premalignant  and  malignant  lung  epithelial  cell  lines,  whereas  DcR2  was  not  detected  in  all  of  the  cell 
lines.  FLIP,  FADD,  and  caspase-8  were  detected  in  all  of  the  tested  cell  lines  with  comparable  levels 
except  for  FLIP,  which  was  high  in  some  lung  cancer  cell  lines  such  as  H1299  and  H358  cells. 
Unexpectedly,  we  detected  higher  levels  of  p-Akt  in  normal  BEAS-2B  cells  and  its  derived  cell  lines 
(1799,  1198  and  1170-1)  than  in  many  other  lung  cancer  cell  lines  (Fig.  1).  Our  recent  data  from  head 
and  neck  cancer  cells  clearly 
show  that  these  proteins  are 
indeed  differentially  expressed 
between  low  grade  of  metastatic 
and  high  grade  of  metastatic 
head  and  neck  cancer  cells. 

Considering  the  difficulty  in 
getting  premalignant  lung 
tissues,  we  planned  to  examine 
the  expression  of  these  proteins 
in  normal  lung  tissue,  and 
primary  and  metastatic  lung 
cancer  tissues  using  IHC.  We 
already  purchased  commercial 
tissue  arrays  that  contain  these 
tissues.  We  also  discussed  with 
Dr.  Ignacio  Wistuba  the 
possibility  of  using  similar  tissue 
arrays  generated  in  his 
laboratory  at  M.  D.  Anderson 
Cancer  Center. 


#  ///////  * 


DcRI 


DcR2 


Figure  1.  Detection  of 
several  key  proteins  in 
death  receptor 
signaling  in  normal, 
premalignant  and 
malignant  lung 
epithelial  cell  lines. 
Whole-cell  protein 
lysates  were  prepared 
from  the  indicated  cell 
lines  with  similar  cell 
densities  and  then 
subjected  to  detection  of 
the  indicated  proteins 
using  Western  blot 
analysis.  Std,  standard 
protein  extracted  from 
cells  overexpressing 
exogenous  DcRI  and 
DcR2  respectively. 


Aim  2  To  establish  TRAIL-resistant  cell  lines  from  a  TRAIL-sensitive  lung  cancer  cell 
line  and  then  determine  whether  levels  of  DcRs,  DRs,  procaspase-8,  TRAIL, 
FLIP,  and  Akt  activity  are  altered  and  are  associated  with  cell  resistance  to 
TRAIL  and  DR-inducing  agents 
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Update 

In  the  previous  report,  we  showed  that  we  established  a  TRAIL  resistant  cell  line  named  H460- 
TR.  By  comparing  the  effects  of  various  therapeutic  agents  including  celecoxib,  SCH66336,  PS- 
341 ,  perifosine,  4HPR,  taxotere,  and  doxorubicin  on  the  growth  of  TRAIL-sensitive  cell  line 
H460  and  H460-TR  cells,  we  found  that  all  of  these  agents  decreased  the  survival  of  both  H460 
and  H460-TR  cells  with  similar  degrees,  indicating  that  the  cell  line  resistant  to  TRAIL  is  not 
cross-resistant  to  other  therapeutic  agents. 

Aim  3  To  determine  whether  suppression  of  P13K/Akt  activity  sensitizes 

premalignant  and/or  malignant  airway  epithelial  cells  to  apoptosis  induced 
by  DR-induced  agents  via  enhancement  of  TRAIL/DR-mediated  mechanism 

Update 

As  reported  previously,  we  need  first  to  identify  the  apoptosis-induced  agents  that  can  induce 
death  receptors  (DR),  especially  ones  used  in  the  VITAL  trials  such  as  celecoxib.  We  found  that 
the  celecoxib-induced  and  lonafamib-induced  apoptosis  links  to  DR-mediated  extrinsic  apoptotic 
pathway  in  human  cancer  cells  (Liu  et  al.  2004),  and  lonafarnib  did  not  alter  phospho-Akt 
expression  in  most  human  NSCLC  cell  lines. 

Recently,  our  results  also  show  that  celecoxib  increased  p-Akt  levels  in  some  lung  cancer  cell  lines 
(Figure  2A).  The  combination  of  celecoxib  and  LY294002  apparently  inhibited  the  growth  of  human  lung 
cancer  cells  in  an  augmented  manner  (Figure  2B).  We  also  checked  the  effects  of  celecoxib  combined 
with  Iressa  and  found  only  limited  enhanced  growth  inhibitory  effects  in  some  lung  cancer  cell  lines. 


Fig.  2.  Increase  of  p-Akt  levels  by 
celecoxib  (A)  and  enhancement 
of  celecoxib-growth  inhibitory 
effects  by  LY294002  (B).  A,  HI 57 

cells  were  treated  with  indicated 
doses  of  celecoxib  for  8  h  (A).  The 
cells  were  then  subjected  to 
preparations  of  whole-cell  protein 
lysates  and  subsequent  analysis  of 
the  given  proteins  by  Western 
blotting.  B.  The  indicated  cell  lines 
were  seeded  on  96-well  plates  and 
treated  with  celecoxib  alone, 
different  doses  of  LY294002  alone, 
or  their  combinations  on  the  second 
day.  After  24  h,  cell  numbers  were 
estimated  using  SRB  assay. 


Moreover,  we  found  that  celecoxib  downregulated  the  expression  of  FLIP,  a  major  negative  regulator  of 
the  DR-mediated  extrinsic  apoptotic  pathway,  in  lung  cancer  cells  (Figure  3),  further  supporting  that 
activation  of  the  DR5-mediated  death  pathway  plays  a  critical  role  in  celecoxib-induced  apoptosis.  In 
the  presence  of  the  proteasome  inhibitor  MG132,  celecoxib  failed  to  reduce  levels  of  FLIP  protein 
(Figure  4),  suggesting  that  celecoxib  downregulates  FLIP  levels  through  promoting  proteasome- 
mediated  protein  degradation.  Overexpression  of  FLIPS,  particularly  FLIPl,  inhibited  not  only  celecoxib- 
induced  apoptosis,  but  also  apoptosis  induced  by  the  combination  of  celecoxib  and  TRAIL  (see  Figure 
5  as  an  example).  These  results  indicate  that  FLIP  downregulation  also  contributes  to  celecoxib- 
induced  apoptosis  and  enhancement  of  TRAIL-induced  apoptosis,  which  complements  our  previous 
finding  that  the  DR5-mediated  extrinsic  apoptotic  pathway  plays  a  critical  role  in  celecoxib-induced 
apoptosis  in  human  lung  cancer  cells.  Collectively,  we  conclude  that  celecoxib  induces  apoptosis  in 
human  lung  cancer  cells  through  activation  of  the  extrinsic  apoptotic  pathway,  primarily  by  induction  of 
DR5  and  downregulation  of  FLIP. 
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Actin 


GAPDH 


Figure  3.  Celecoxib  downregulates  FLIP  expression.  H157  cells  were  treated  with  the 
indicated  concentrations  of  celecoxib  for  8  h  (A)  or  with  50nM  celecoxib  for  the  indicated  times 
(B).  Cells  were  then  subjected  to  preparation  of  whole  cell  protein  lysates  and  subsequent 
analysis  of  FLIP  by  Western  blotting. 


Celecoxib 


UG132  [fiM]:  0  0  5  10  20  40  5  10  20  40 


Figure  4.  The  proteasome  Inhibitor  MG132  prevents 
FUP  from  downregulation  induced  by  celecoxib.  HI 57 
cells  were  pretreated  with  MG1 32  for  30  min  and  then  co¬ 
treated  with  celecoxib.  After  16  h.  the  cell  lysates  were 
collected  for  western  blot  analysis. 


Celecoxib: 


Celecoxib 


DMSO 


Figure  5.  Overexpression  of 
FLIPs  protects  cells  from 
celecoxib-induced 
apoptosis.  HI 57  cellsthat 
stably  express  lac  Z  (control), 
FLIPl  or  FLIPs,  were  treated 
with  50  (iM  celecoxib  for  24  h. 
The  lysates  were  then 
collected  for  western  blotting 
of  the  indicated  proteins  or 
for  detection  of  apoptosis  by 
Annexin  V  stainingflow 
cytometry  (B). 
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Casp  -9 
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6.57% 


We  also  used  the  lentivial  gene  delivery  system  to  successfully  establish  several  stable  lung 
cancer  cell  lines  that  overexpress  FLIPl  and  FLIPs  respectively,  including  HI 57,  A549  and  H460 
cells.  They  will  be  used  to  examine  the  impact  of  FLIP  overexpression  on  apoptosis  induced  by 
the  proposed  combinations  to  test  whether  the  combinations  induce  apoptosis  through 
activation  of  the  extrinsic  apoptotic  pathway.  In  addition,  we  conducted  transient  expression  of 
FLIPs  using  the  same  lentivial  expression  system. 
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Some  of  the  studies  can  be  reviewed  in  Apoptosis  (Sun  et  al. ,  2006)  and  AACR  Abstract  (Liu  et 
al.,  2006).  Based  on  these  findings,  we  have  submitted  a  NCI  R01  and  are  writing  a  manuscript. 

Aim  4  To  determine  whether  DRs,  DcRs,  FLIP,  and  procaspase-8  serve  as 

biomarkers  for  lung  cancer  chemoprevention  and  therapy. 


Update 

The  conditions  for  IHC  staining  of  these  proteins  have  been  optimized  and  we  are  ready  for  analysis  of 
patient  samples.  We  expect  to  receive  tissue  array  slides  generated  in  Dr.  Wistuba’s  laboratory  at  M.D. 
Anderson  Cancer  Center,  which  will  include  the  patient  samples  collected  from  the  VITAL  trials. 

Conclusion 

We  have  concluded  that  death  receptors  mediate  a  major  intracellular  apoptotic  pathway.  Defects  or 
dysregulation  in  this  pathway  may  contribute  to  lung  carcinogenesis,  whereas  appropriate  modulation 
such  as  upregulation  of  DR4  or  DR5  by  small  molecules  such  as  celecoxib  and  lonafarnib  may 
eliminate  premalignant  or  malignant  lung  epithelial  cells  via  promoting  apoptotic  cell  death  to  achieve 
cancer  chemopreventive  and  therapeutic  goals. 
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Project  5:  Molecular  Strategies  Targeting  the  AKT  Signaling  Pathway  for  Lung  Cancer 
Chemoprevention  and  Therapy 

(PI  and  co-PI:  Ho-Young  Lee,  Ph.D.,  Edward  S.  Kim,  M.D.) 


The  purpose  of  the  studies  is  to  determine  whether  activation  of  Akt  induces  malignant 
transformation  of  HBE  cells  and  to  develop  novel  agents  inhibiting  Akt  activity  as  a  strategy  of 
lung  cancer  chemoprevention. 

Aim  1  Develop  an  adenoviral  vector  expressing  constitutively  active  Akt  and 

characterize  the  in  vitro  and  in  vivo  effects  of  Akt  activation  on  the  malignant 
transformation  of  HBE  cells. 

Update 

We  have  constructed  adenoviral  and  retroviral  vectors  expressing  constitutively  active  or 
dominant  negative  Aktl ,  2,  or  3  and  confirmed  their  expression  by  sequencing  and  western  blot 
analysis. 

Adenoviruses  were  amplified  using  293  cells  and  viral  titers  were  determined  by  plaque  assays 
and  spectrophotometric  analysis.  Retroviruses  were  made  by  transfecting  plasmid  that  contains 
the  cDNA  of  interest  into  the  packaging  cell  line  PhoenixE.  The  supernatants  from  these  cells 
were  used  to  infect  the  amphotropic  packaging  cell  line  PA317.  After  10  days  of  puromycin  (3 
mg/ml)  selection,  the  supernatants  from  the  PA317  cells  were  filtered  and  used  to  infect  HB56B 
cells.  After  the  infection,  cells  were  selected  using  puromycin  (750  ng/ml)  for  2  weeks  and  then 
single  cell  subclones  of  constitutively  active  Akt-expressing  HB56B  cells  were  determined  by 
Western  blot  analysis  of  HA. 

The  first  part  of  the  aim  is  completed. 

Aim  2  Evaluate  the  ability  of  chemopreventive  agents  used  in  VITAL  trials  alone  and  in 
combination  to  inhibit  Akt  activity  and  induce  apoptosis  in  transformed  human 
bronchial  epithelial  cells  (HBE)  and  NSCLC  cell  lines. 

Update 

Previously,  we  reported  effects  of  Akt  inhibitors  (LY294002,  Ad5-PTEN,  and  dominant-negative 
Akt  (Ad5-HA-Akt-KM)  on  the  proliferation  of  normal,  premalignant  (1799  and  1198),  and 
malignant  (1170-1)  HBE  cells,  and  also  retrospectively  investigated  beneficial  activities  of  9-c/s- 
RA  on  former  smokers  (Han  et  al.,  2005). 

This  year,  we  tested  agents  gefitinib,  erlotinib,  Tarceva,  SCH66336,  and  celecoxib  on  the 
proliferation  of  the  same  cells.  We  found  that  celecoxib  did  not  suppress  the  proliferation  of 
1179,  1198,  and  1170-1  cells  at  doses  less  than  10  pM,  a  dose  higher  than  the  dose  achievable 
in  vivo  in  clinical  trial.  We  also  determined  the  antiproliferative  effects  of  SCH66336,  a  farnesyl 
transferase  inhibitor  (FTI)  that  was  originally  designed  to  inhibit  Ras  activation  and  also  inhibits 
Akt  activation  (Lee  et  al,  2004;  Chun  et  al,  2003),  comparing  with  those  of  deguelin,  an  Akt 
inhibitor  (Lee  et  al,  2005).  SCH66336  did  not  show  specific  cytotoxic  effects  on  premalignant 
and  malignant  HBE  cells,  but  had  highly  antiproliferative  effects  on  premalignant  and  malignant 
HBE  cells  as  well  as  NHBE  cells  (Lee  et  al,  2004).  We  found  that  gefitinib  and  erlotinib  inhibited 
immortalized  HBE  cells  more  effectively  compared  to  premalignant  and  malignant  HBE  cells. 
These  findings  suggest  that  premalignant  and  malignant  HBE  cells  develop  alternative  survival 
pathways  in  response  to  blockade  of  the  EGFR  pathway. 
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Aim  3  Determine  whether  Akt  is  activated  in  bronchial  specimens  from  enrolled 

patients  in  VITAL  trials  and  whether  treatment  with  chemopreventive  agents 
suppresses  Akt  level  or  activity  in  these  patients. 

Dr.  Wistuba,  Pathology  Core,  has  completed  the  priority  distribution  list  and  will  begin  to 
distribute  the  samples  to  VITAL  individual  investigators.  On  receipt  of  the  samples,  we  will 
commence  Aim  3. 

Conclusion 

Celecoxib  may  not  be  an  effective  antiproliferative  agent.  FTI  SCH66336  may  not  be  an 
effective  chemopreventive  agent  due  to  its  cytotoxicity  on  NHBE  cells.  EGFR  TKIs  induce 
alternative  survival/proliferation  pathways  in  premalignant  and  malignant  HBE  cells  in  response 
to  the  blockade  of  EGFR.  Understanding  the  mechanism  may  provide  better  chemopreventive 
strategies  using  EGFR  TKIs. 
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Core  B:  Biostatistics  &  Data  Management  Core 

(Core  Director:  J.  Jack  Lee,  Ph.D.) 

Core  Goals 


1 .  To  provide  statistical  design,  sample  size/power  calculations,  and  integrated, 
comprehensive  analysis  for  each  basic  science,  pre-clinical,  and  clinical  study. 

2.  To  develop  a  data  management  system  that  provides  tracking,  quality  control,  and 
integration  of  clinical,  pathological,  and  basic  science  data. 

3.  To  provide  statistical  and  data  management  support  for  genomic  and  imaging  studies 
including  microarray,  proteomics,  protein  antibody  array,  and  spiral  CT. 

4.  To  develop  and  adapt  innovative  statistical  methods  pertinent  to  biomarker-integrated 
translational  lung  cancer  studies. 

5.  To  generate  statistical  reports  for  all  projects. 

6.  To  collaborate  and  assist  all  project  investigators  in  the  publication  of  scientific  results. 

The  Biostatistics  and  Data  Management  Core  has  continued  to  work  actively  with  all  the  VITAL 
Projects  in  their  research  efforts,  especially  in  the  area  of  biostatistical  support  and  consulting  in 
the  clinical  trial  design,  implementation,  and  analysis  of  experimental  results. 

Update 

In  the  first  year,  we  provided  statistical  support  for  study  preparation  and  submission  of  the 
Vanguard  trial  and  started  to  develop  a  web-enabled  database  system  to  facilitate  the  conduct 
of  the  trial. 

This  year,  our  major  effort  is  in  the  area  of  providing  statistical/data  management  support  for  the 
Vanguard  trial  and  the  adjuvant  celecoxib  trial.  Biostatistical  Core  was  involved  in  the  protocol 
design,  submission  and  revision  process.  We  have  interacted  with  the  study  PI,  IRB,  and 
regulatory  agencies  to  address  critiques  and  provide  revisions.  We  also  met  with  investigators 
and  research  coordinators  and  provided  assistance  in  designing  the  Case  Report  Forms  (CRFs) 
for  both  trials. 

Also,  we  have  completed  the  web-enabled  database  system  to  facilitate  the  conduct  of  both 
trials.  The  database  allows  remote  data  capture  from  any  computer  with  a  web  browser.  It  is 
secured,  password  protected,  and  is  within  our  institutional  firewall.  The  database  also  allows 
the  research  nurse  to  schedule  patient  visits  and  prints  labels  for  tissue  acquisition.  It  can  track 
tissue  distribution  in  both  sending  and  receiving.  The  integrated  reporting  system  provides  real¬ 
time  inventory  reports  based  on  the  most  up-to-date  data.  Selected  screen  shots  are  provided  in 
Appendix  1  The  database  is  fully  functional  and  has  captured  19  patients  registered  in  the 
Vanguard  trial  as  of  November  2005. 

In  addition,  we  have  reviewed  statistical  methods  for  evaluating  interaction  for  combination 
therapy  to  determine  whether  the  effect  is  synergistic,  additive,  or  antagonistic.  The  current 
available  methods  require  strong  assumptions  such  as  the  drug  interaction  follows  the  same 
pattern  at  all  doses.  It  is  possible  that  the  combination  may  produce  a  synergistic  effect  in  a 
certain  dose  range,  but  may  be  additive  or  antagonistic  in  other  dose  ranges.  We  are 
developing  two  new  statistical  methods  -  one  parametric  generalized  response  surface  model 
and  one  semi-parametric  model  that  allow  more  general  interaction  patterns  for  the  drug 
interaction  and  ease  the  restriction  of  the  existing  methods.  The  work  was  presented  at  the 
Spring  Meeting  of  the  International  Biometric  Society,  Eastern  North  America  Region  in  March 
2005  and  the  Joint  Statistical  Meeting  in  August  2005.  The  S-PLUS  codes  are  available  for 
download  as  well.  More  information  on  the  synergy  research  may  be  found  in  Appendix  2. 
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Three  manuscripts  have  been  submitted  and  one  has  gone  through  revision  (Lee  et  al,  2005; 
Kong  et  al,  2005-1;  Kong  et  al,  2005-2). 

Conclusion 

We  continue  to  provide  statistical  support  for  all  projects  and  develop  related  tools  such  as  web- 
based  databases  to  facilitate  the  interaction  of  clinical  and  basic  research  projects. 
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Core  C:  Pathology  and  Specimen  Procurement  Core 

(Core  and  co-Core  Director:  Ignacio  Wistuba,  M.D.Adel  K.  El-Naggar,  M.D.) 

Aim  1  Develop  and  maintain  a  repository  of  tissue  and  other  biologic  specimens  from 
patients  enrolled  on  the  clinical  trials  in  Project  1. 

Update 

As  reported  last  year,  we  established  all  procedures  for  sample  collection,  processing,  banking, 
and  distribution  and  were  ready  for  conducting  studies  in  Aim  1. 

This  year,  the  Core  has  been  acquiring  and  banking  the  specimens  obtained  from 
bronchoscopies  performed  in  subjects  enrolled  in  the  Vanguard  Trials  (Project  1).  Samples  from 
14  baseline  bronchoscopies  have  been  obtained,  processed  and  banked  in  the  Core  tissue 
bank  (Table  1).  We  have  also  developed  a  sample  processing  kit  that  will  be  distributed  to  the 
three  institutions  that  are  recruiting  patients  for  the  trials.  One  set  of  bronchoscopy  specimens 
was  successfully  received  from  Eisenhower  Army  Medical  Center.  In  addition,  resected 
specimens  from  lung  cancer  and  head/neck  tumors  have  been  obtained,  reviewed  and  banked 
in  most  cases. 

Table  1.  Specimens  Collected  and  Banked  in  the  Pathology  Core  (14  bronchoscopies) 


Bx# 

Timeline 

Sputum 

Buccal 

Brush 

Bronchial 

Wash  and  BAL 

Bronchial 

Brushes 

Bronchial 

Tissue 

Baseline 

Yes 

Yes 

Yes  /  Yes 

Yes  (6) 

Yes  (6) 

2 

Baseline 

Yes 

Yes 

Yes  /  Yes 

Yes  (6) 

Yes  (6) 

3 

Baseline 

Yes 

Yes 

Yes  /  Yes 

Yes  (6) 

Yes  (6) 

4 

Baseline 

Yes 

Yes 

Yes  /  Yes 

Yes  (6) 

Yes  (6) 

e 

Baseline 

Yes 

Yes 

Yes  /  Yes 

Yes  (6) 

Yes  (6) 

6 

Baseline 

No 

Yes 

Yes  /  Yes 

Yes  (6) 

Yes  (6) 

7 

Baseline 

Yes 

Yes 

Yes  /  Yes 

Yes  (6) 

Yes  (6) 

8 

Baseline 

Yes 

Yes 

Yes  /Yes 

Yes  (6) 

Yes  (8) 

9 

Baseline 

Yes 

Yes 

Yes  /  Yes 

Yes  (6) 

Yes  (10) 

10 

Baseline 

Yes 

Yes 

Yes  /  Yes 

Yes  (6) 

Yes  (6) 

11 

Baseline 

Yes 

Yes 

Yes  /  Yes 

Yes  (6) 

Yes  (6) 

12’ 

Baseline 

Yes 

Yes 

Yes  /  Yes 

Yes  (6) 

Yes  (5) 

13 

Baseline 

Yes 

Yes 

Yes  /  Yes 

Yes  (6) 

Yes  (6) 

14 

Baseline 

Yes 

Yes 

Yes  /  Yes 

Yes  (6) 

Yes  (6) 

Total  Samples 

13 

14 

28 

84 

89 

'  Eisenhower  Army  Medical  Center 


A  schema  of  specimen  collection  for  Project  3  has  been  developed.  Drs.  Koo  and  Hittelman  in 
Project  3  are  interested  in  identifying  the  molecular  abnormalities  in  the  bronchial  mucosa 
examined  under  the  fluorescent  bronchoscopy  (LIFE  instrument)  (Figure  1).  Three  types  of 

bronchial  mucosa  sites 


Figure  1  Sample  acquisition  schema  for  molecular  comparison 
between  White  Light  and  LIFE  bronchoscopy  abnormalities 


r 


ft 


Three  Sites: 
Normal 
Normal 
Abnormal 


Each  Site: 


Normal 

Abnormal 

Abnormal 


Brush  1  RNA  extraction 
Brush  2  Cytology 


Tissue  1:  Fresh  (Culture] 

Tissue  2:  Formalin 
(Histology) 


Site 

(Normal/Abnormal) 
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will  be  taken  from  each 
patient  including  1)  normal 
white  light  (WL)  and 
normal  LIFE 

bronchoscopy  features,  2) 
abnormal  WL  and  normal 
LIFE,  and  3)  normal  WL 
and  abnormal  LIFE.  For 
each  site,  2  biopsies  will 
be  taken  (one  for  cell 
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culture  and  the  other  for  histology  assessment)  and  2  brushes  (one  for  RNA  extraction  and  the 
other  for  cytology  examination).  So  far,  samples  have  been  obtained  from  6  patients. 

Aim  2  Maintain  a  comprehensive  database  of  tissue  and  specimen  characteristics  from 
patients  enrolled  in  the  clinical  trials  of  Project  1,  including  pathologic 
characteristics  of  each  specimen,  inventory  and  distribution 

Update 

The  Biostatistics  Core  has  developed  a  web-based  database  (see  Core  B  report).  We  have 
used  the  database  to  track  and  inventory  bronchoscopy  specimens,  and  to  report 

histopathological  features  of  the  bronchial 
mucosa  from  the  bronchoscopy  biopsy 
(Figure  2).  From  14  patients,  139  cytoiogical 
specimens  and  89  bronchial  biopsies  have 
been  tracked  and  inventoried  using  the  web¬ 
site  database. 


In  collaboration  with  investigators  from  the 
Clinical  Trials  (Project  1),  correlation  between 
histopathological  changes  and  white-light 
(WL)  and  LIFE  bronchoscopy  examination 
abnormalities  is  also  being  studied.  LIFE 
bronchoscopy  abnormalities,  including 
number  of  lesions,  location,  size  and  fluorescent  abnormality  scores,  are  being  recorded  to 
correlate  with  histopathological  features.  Electronic  images  of  WL  and  LIFE  abnormalities  and 
histopathology  are  being  captured  and  banked  in  the  database. 

Aim  3  Provide  comprehensive  pathologic  characterization  of  all  tissues  and  other 

biologic  specimens  and  assist  in  preparation  and  evaluation  of  studies  involving 
these  tissues 

Update 


i  Figure  2.  Database  form  (A)  to  enter  histology  diagnosis  for 
bronchoscopy  biopsy  specimens  and  histological  categories  (B) 


Figure  3.  Histology  distribution  of  bronchoscopy  biopsy 
specimens  obtained  from  Clinical  Trial 


Using  the  comprehensive  list  of  histology  diagnosis  for  bronchoscopy  biopsies  prepared  last 
year  (Table  2B),  we  have  processed  and  histopathologically  diagnosed  77  tissue  specimens 
from  12  baseline  bronchoscopies  in  a  timely  fashion  (Figure  3).  Although  normal  bronchial 

epithelium  has  been  detected  in  at  least  one  site 
examined  in  most  subjects,  abundant 
histopathological  changes  have  been  detected.  The 
most  frequent  abnormality  detected  was  basal  cell 
hyperplasia  (58%)  followed  by  goblet  cell 
metaplasia  (42%).  Of  interest,  squamous 
metaplasia  and  dysplasia  were  detected  in  four 
(33%)  and  1  (8%)  subject,  respectively. 
Histopathological  analysis  of  the  resected  lung  and 
head/neck  cancer  samples  has  been  also  been 
performed,  in  which  squamous  metaplastic  and 
dyspiastic  lesions  have  been  not  detected.  Tissue  blocks  from  all  these  samples  are  available 
for  future  biomarker  analysis. 
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Aim  4  Provide  centralized  immunohistochemistry  and  laser  capture  microdissection 
services,  nucleic  acid  extractions  and  assistance  with  construction  and 
evaluation  of  tissue  arrays. 

Update 

As  reported  last  year,  a  centralized  immunohistochemistry  (IHC)  laboratory  has  been  in  place  as 
part  of  the  Pathology  Core,  having  manual  and  automated  immunohistochemical  techniques 
and  in  situ  tissue-based  methodologies,  such  as  FISH  and  laser  capture  microdissection 
available  for  investigators.  Tissue  microarray  (TMA)  construction  is  also  in  place,  and  a 
complete  set  of  lung  cancer  specimens  (N  =  400)  and  corresponding  bronchial  and  peripheral 
lung  preneoplastic  lesions  (from  200  increased  to  300)  are  available. 

A  priority  sample  distribution  list  for  VITAL  individual  projects  has  been  developed  for  IHC 
biomarker  analysis  using  formalin-fixed  and  paraffin-embedded  bronchial  tissues  (Table  2). 


Table  2  Priority  distribution  list  of  histology  sections  (N=20)  from  bronchoscopy  tissue  specimens 

Project 

Marker 

Number  of  Sections 

Project  2  (Dr.  Mao) 

To  validate  differentially  expressed  proteins  -  Total 

5 

Project  3  (Drs.  Hittelman/Koo) 

To  validate  differentially  expressed  proteins  -  Total 

5 

Project  4  (Drs.  Sun/Khuri) 

DR5 

DR4 

1 

1 

COX-2 

1 

DcRI 

1 

DcR2 

1 

Total 

5 

Project  5  (Dr.  Lee) 

Akt 

p-Akt 

1 

1 

Casp-3 

1 

PARP 

1 

p-mTOR 

1 

Total 

5 

Conclusion 

We  have  acquired  and  banked  specimens  from  14  bronchoscopy  biopsies  and  18  resected 
specimens  from  lung  cancer  and  head/neck  tumor  patients;  used  the  web-enabled  database 
developed  by  the  Biostatistics  Core  to  track  and  inventory  bronchoscopy  specimens  and  report 
histopathological  features  of  the  bronchial  mucosa  from  the  bronchoscopy  biopsy;  and 
developed  a  priority  sample  distribution  list  for  VITAL  projects  for  IHC  biomarker  analysis  using 
formalin-fixed  and  paraffin-embedded  bronchial  tissues. 

Additional  Research  Activities:  Molecular  Pathogenesis  of  Lung  Cancer 

The  main  goal  of  the  VITAL  research  program  is  to  provide  a  better  understanding  of  the  cellular 
and  molecular  events  that  drive  lung  tumorigenesis.  Thus,  using  a  molecular  pathology 
approach,  we  have  attempted  to  understand  the  early  molecular  pathogenesis  of  lung  cancer. 
We  selected  lung  adenocarcinoma,  the  most  frequent  (-50%)  histological  type  of  lung  cancer, 
for  which  there  is  limited  knowledge  early  molecular  pathogenesis.  Recent  data  suggest  that  at 
least  two  molecular  pathways  ( KRAS  and  EGFR)  are  involved  for  the  development  of  invasive 
lung  adenocarcinomas  (alveolar  adenomatous  hyperplasia,  AAH)  in  smoker  and  non-smoker 
populations,  respectively.  Thus,  we  decided  to  address  the  following  questions: 
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•  Identify  the  sequence  of  EGFR  molecular  events  involved  in  the  pathogenesis  lung 
adenocarcinomas 

•  Compare  the  molecular  events  in  the  early  pathogenesis  of  lung  adenocarcinomas 
between  EGFR  and  KRAS  mutant  cases 

Update 

•  Identify  the  sequence  of  EGFR  molecular  events  involved  in  the  pathogenesis  of  lung 
adenocarcinomas. 

Two  cohorts  of  patients  were  analyzed.  First,  we  evaluated  159  surgically  resected  NSCLC 
tumors  for  analysis  of  EGFR  (exon  18-21)  and  KRAS  (codon  12-13)  mutations  and  IHC  of 
EGFR,  phosphorylated-EGFR  and  HER2/Neu,  and  correlated  the  results  with  clinical  outcomes, 
patient  and  disease  features.  Of  159  patients,  14  had  EGFR  mutations  and  18  had  KRAS 
mutations.  EGFR  mutations  were  associated  with  several  clinical  and  pathological  features 

(Figure  4).  Although  statistical  significance  was  not 
reached,  a  higher  incidence  of  synchronous 
primary  cancers  (36%  versus  17%;  p=0.09)  and 
smaller  median  tumor  size  (1 1 .8  cm3  versus  24.0 
cm3;  p=0.24)  were  seen.  There  was  no  difference 
in  disease-free  survival  while  median  overall 
survival  in  patients  with  EGFR  mutations  was 
shorter  (3.49  versus  4.29  years,  p=0.85).  EGFR 
mutation  did  not  correlate  with 
immunohistochemistry. 

Second,  we  selected  a  cohort  of  Asian  patients 
(n=22)  and  compared  the  EGFR  mutation  status 
with  the  birthplace  and  immigration  to  the  United  States.  12  of  22  (55%)  Asian  patients  had  the 
mutation.  Of  interest,  there  was  no  geographic  difference  in  the  incidence  of  EGFR  mutation. 
Asian  women  with  the  EGFR  mutation  developed  adenocarcinoma  at  an  earlier  age  than  other 
lung  cancer  patients.  There  is  a  distinct  clinical  profile  for  NSCLC  patients  with  the  EGFR 
mutation.  However,  this  mutation  does  not  alter  disease-free  survival  and  is  likely  due  to  an 
inherited  susceptibility  instead  of  an  environmental  effect  (Tsao  et  al,  in  press). 

To  investigate  in  which  pathogenesis  stage  of  lung  adenocarcinoma  EGFR  mutations 
commence,  we  examined  the  EGFR  mutations  in  peripheral  airway  respiratory  epithelia  (small 
bronchi  and  bronchioles)  obtained  from  21  patients  with  lung  adenocarcinoma  harboring  EGFR 
mutations.  We  compared  the  findings  with  those  obtained  from  16  lung  cancer  patients  whose 
tumors  had  wild-type  EGFR.  A  representative 
example  of  tumor  and  respiratory  epithelium 
microdissection  and  EGFR  sequencing  analysis  is 
shown  in  Figure  5.  EGFR  mutations  were  detected 
in  the  normal  respiratory  epithelium  in  9  of  21  (43%) 
patients  with  EGFR  mutant  adenocarcinomas,  but 
none  in  patients  without  mutation  in  the  tumors.  The 
finding  of  mutations  being  more  frequent  in  normal 
epithelium  within  tumor  (43%)  than  in  adjacent  sites 
(24%)  suggests  a  phenomenon  of  localized  field 
effect.  Our  findings  indicate  that  mutation  of  the 
tyrosine  kinase  domain  of  EGFR  is  an  early  event  in 
the  pathogenesis  of  lung  adenocarcinomas,  and  can 


Figure  5.  Histology,  microdissection  and  sequencing  of  an  EGFR 
mutant  lung  adenocarcinoma  15bp  deletion  (Exon  19) 


Small  Bronchus  Bronchiole  Bronchiole 

(within  tumor)  (noor  tumor)  (witnin  tumor) 


Mutant  Mutant  Mutant  Wild-type 

_  _ Tang  1  •!.  Cw tearRa*.  3Q0S 


Figure  4.  Clinicopathological  features  of  EGFR  mutated  NSCLC 
patients  (N=159) 

EGFR  mutations  were  associated  with: 


•  Adenocarcinoma  P  =  0.002 

•  Females  P  -  0.02 

*  Never-smoking  P  <  0.0001 

*  Easter  Asian  ethnicity  P  =  0.005 

•  Air  bronchograms  P  =  0.004 

*  Multiple  wedge  resections  P=0.03 


T**o  a!  a/,  JTO  In  pros* 
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be  an  early  detection  marker  and  chemoprevention  target  (Tang  et  al,  2005). 

To  determine  the  sequence  of  EGFR 
mutation  and  increased  copy  number, 
we  performed  a  detailed  mapping 
analysis  correlating  in  the  same  tissue 
sites  EGFR  mutation,  gene  copy 
number  and  protein  expression  in  65 
formalin-fixed  tissue  sites  comprising 
normal  bronchial/bronchiolar 
epithelium  (NBE;  N=22)  and  primary 
tumors  (PT;  N=43)  from  9  surgically 
resected  lung  adenocarcinomas 
bearing  EGFR  mutations  (exons  19 
and  21).  High  levels  of  polysomy  and 
gene  amplification  were  considered  as 
increased  copy  number.  EGFR 
mutation  was  found  in  18%  (4/22) 

NBE  and  91%  (39/43)  PT  sites.  Low  genomic  gain  was  found  in  8  NBE  sites  (37%),  but 
increased  copy  number  was  not  detected.  Of  interest,  the  4  EGFR  mutant  NBE  sites  exhibited 
normal  gene  copy  number.  Our  findings  indicate  that  EGFR  mutation  precedes  genomic  gain  in 
the  sequential  pathogenesis  of  lung  adenocarcinoma  (Figure  6). 

•  Compare  the  molecular  events  in  early  pathogenesis  of  lung  adenocarcinomas 
between  EGFR  and  KRAS  mutant  cases 

Lung  adenocarcinoma  is  usually  diagnosed  at  advanced  stages.  New  strategies  for  early 
diagnosis  are  needed.  Although  little  is  known  about  the  histological  precursors  and  the 
molecular  events  preceding  the  development  of  lung  adenocarcinoma,  at  least  2  molecular 
pathways  have  been  suggested:  KRAS  and  EGFR  mutation;  the  latter  associated  with  non- 
smokers  and  East  Asian  ethnicity.  Recently,  we  reported  that  EGFR  mutations  were  detected  in 
histologically  normal  bronchial/bronchiolar  epithelium  (NBE)  in  43%  of  patients  with  EGFR 
mutant  lung  adenocarcinomas  (Tang  et  al,  2005),  indicating  that  this  mutation  represents  an 
early  "field"  event  in  the  pathogenesis  of  this  neoplasm. 

To  nvestigate  further  the  molecular  abnormalities  in  the  lung  respiratory  epithelium  “field”  in  lung 
adenocarcinoma  patients,  we  performed  a  detailed  mapping  analysis  of  KRAS  and  EGFR 
mutations  in  NBE  adjacent  to  mutant  and 
wild-type  tumors.  In  NBE  sites  we 
correlated  EGFR  mutation  status  with 
immunohistochemical  (IHC)  expression  of 
EGFR  and  TTF-1  (a  marker  for  lung 
terminal  respiratory  cell  differentiation) 
proteins  (Figure  7).  We  selected  191  of 
NBE  sites  from  50  surgically  resected 
lung  adenocarcinomas  including  12 
KRAS  mutated,  24  EGFR  mutated  (12, 

East  Asian  ethnicity),  and  14  wild-type 
tumors.  We  found  that  1)  no  KRAS 
mutation  was  detected  in  61  NBE  sites 

from  12  KRAS  mutated  and  1 1  wild-type  tumors;  2)  a  similar  frequency  of  EGFR  mutation  in 
NBE  by  patients  (12/24,  50%)  and  by  epithelial  site  (22/73,  30%)  was  detected  in  EGFR 
mutated  adenocarcinomas,  but  EGFR  mutations  in  6  (11%)  NBE  sites  from  3  (12%)  patients 
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Figure  7.  TTF-1  Nuclear  expression  and  EGFR  mutation  in  normal 
respiratory  epithelium  and  adjacent  tumors 
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Figure  6.  Sequence  of  EGFR  molecular  changes  in  the  pathogenesis 
of  lung  adenocarcinoma 
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with  EGFR  wild-type  tumors  were  found;  3)  we  identified  5  NBE  sites  from  3  East  Asian  patients 
that  demonstrated  different  mutation  patterns  than  their  corresponding  tumors  different  from 
those  previously  reported  (the  same  type  of  EGFR  mutation  was  detected  in  NBE  and 
corresponding  tumor);  4)  No  correlation  among  EGFR  and  p-EGFR  expression  and  EGFR 
mutation  was  detected  in  NBE  and  interestingly,  13/21  (62%)  of  EGFR  mutated  NBE  sites  did 
not  express  TTF-1 .  Our  findings  indicate  that  there  is  a  “field”  defect  phenomenon  for  lung 
adenocarcinoma  in  respiratory  epithelium  for  EGFR  mutation,  but  not  for  KRAS  mutation.  We 
have  extended  our  findings  to  detect  EGFR  mutation  in  NBE  of  a  small  subset  of  East  Asian 
patients  with  wild-type  tumors  and  examined  some  cases  with  different  mutation  patterns  by 
comparing  NBE  and  corresponding  tumor.  We  found  that  most  EGFR  mutated  NBEs  lacked 
TTF-1  expression  suggesting  that  terminal  respiratory  epithelial  cells  may  not  be  the  only  cell 
type  affected  by  EGFR  mutation. 
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DRP  - 1:  Enhanced  Oral/Head  and  Neck  Examination  Protocol 

(PI  and  co-PIs:  Waun  Ki  Hong,  M.D.,  Jack  Martin,  D.D.S.,  Captain  Larry  Williams) 

This  project  has  been  dropped. 

DRP  -  2:  Biomarkers  for  Aggressive  Lung  Carcinomas  in  African  American  Men 

(PI:  Sharon  Lobert,  Ph.D.,  University  of  Mississippi,  Jackson,  MS) 

We  hypothesize  that  1)  p  class  III  tubulin  levels  are  higher  in  NSCLCs  from  African  American 
men  compared  to  white  men;  2)  The  expression  of  proteins  that  alter  microtubule  dynamics  is 
increased  in  NSCLCs  from  African  American  men  compared  to  white  men.  Higher  levels  of 
these  proteins  would  reduce  the  effectiveness  of  antimitotic  agents  such  as  paclitaxel  or 
vinorelbine  used  in  the  treatment  of  NSCLC  that  stabilize  or  destabilize  mitotic  spindles. 

Update 

As  described  in  the  last  report,  we  received  the  funding  on  July  1,  2004.  Over  the  6  months  of 
year  1,  our  efforts  were  to  optimize  methods  such  as  extracting  sufficient  amounts  of  protein  in 
whole  cell  lysates  to  carry  out  quantitative  Western  blotting,  and  optimizing  quantitative  Western 
blotting  and  real-time  RT-PCR  for  comparing  tubulin  protein  and  mRNA  levels. 

In  the  grant  period,  we  were  fully  capable  of  conducting  the  studies  proposed  in  years  1  and  2. 

Year  1 

Goal  Quantify  and  compare  biomarker  levels  (p-tubulin  isotypes,  stathmin  and  MAP4) 
in  NSCLCs  from  African  American  and  white  men  using  real-time  RT-  PCR. 

1.  Tissues  (n=80)  will  be  obtained  from  the  NCI  Cooperative  Human  Tissue  Network 
(CHTN). 

We  have  obtained  62  samples  from  Caucasian  patients  and  15  from  African  American  patients. 
Recognizing  that  we  may  have  difficulty  reaching  our  goal  of  40  samples  from  African  American 
patients,  I  have  consulted  with  the  Chairman  of  our  Department  of  Pathology  (Dr.  Steven  Bigler) 
and  two  of  the  thoracic  surgeons  at  the  University  of  Mississippi  Medical  Center.  Our  institution 
has  a  large  African  American  population  and  the  thoracic  surgeons  estimate  that  they  do  about 
20  lung  tumor  surgeries  on  African  American  patients  each  year.  The  departments  of  pathology 
and  thoracic  surgery  are  interested  in  being  involved  in  basic  or  clinical  research  studies.  I 
contacted  Dr.  William  Grizzle  (PI  for  the  CHTN  Southern  Division,  UAB)  and  he  is  pursuing 
collaboration  with  Dr.  Bigler  to  have  tissues  submitted  to  CHTN  from  our  institution.  We 
anticipate  this  could  be  a  benefit  to  our  research,  as  well  as  for  studies  of  many  types  of  tumors. 

2.  Tissues  will  be  processed  to  extract  mRNA  and  conditions  for  real-time  RT-PCR 
experiments  will  be  optimized. 

We  have  processed  47  tumor  samples  from  Caucasian  patients  and  9  tumor  samples  from 
African  American  patients  to  obtain  total  RNA  and  samples  for  Western  blotting.  We  have 
designed  primers  and  made  standards  for  all  seven  p-tubulin  isotypes,  stathmin  and  MAP4. 

3.  Real-time  PCR  will  be  conducted  when  sufficient  numbers  of  samples  are  obtained. 

We  have  completed  qRT  PCR  for  seven  p-tubulin  isotypes  for  10  Caucasian  patient  samples 
and  9  African  American  patient  samples.  The  results  are  summarized  below.  Tables  1  and  2 
describe  the  19  samples  for  which  we  have  completed  qRT-PCR  data  collection  and  analysis. 
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Table  1.  Lung  tumor  samples:  Caucasian  patients 


squamous  cell  carcinoma 

pT2N0Mx 

age  70 

squamous  cell  carcinoma 

moderately  differentiated 

age  62 

squamous  cell  carcinoma 

moderate  to  poorly 

differentiated 

age  51 

squamous  cell  carcinoma 

age  66 

large  cell  carcinoma 

poorly  differentiated  with 
neuroendocrine  features 

age  60 

squamous  cell  carcinoma 

poorly  differentiated, 

pT1N2Mx 

age  47 

squamous  cell  carcinoma 

poorly  differentiated 

age  71 

squamous  cell  carcinoma 

poorly  differentiated,  grade 
3,  pT2N1  Mx 

age  66 

squamous  cell  carcinoma 

poorly  differentiated, 
pT2N0Mx 

age  66 

squamous  cell  carcinoma 

moderate  to  poorly 

differentiated,  pTINOMx 

age  63 

Table  2.  Lung  tumor  samples:  African  American  patients 


larqe  cell  carcinoma 

stage  IB 

age  51 

adenocarcinoma 

stage  IB,  poorly 

differentiated 

age  55 

adenocarcinoma 

stage  IA,  pTINxMx,  well 
differentiated 

age  72 

'  adenocarcinoma 

stage  IIIB 

age  75 

large  cell  carcinoma 

stage  IB,  neuroendocrine 
features 

age  76 

squamous  cell  carcinoma, 

stage  IB,  poorly 

differentiated 

age  79 

squamous  cell  carcinoma, 

pT3N1  Mx,  well  to 

moderately  differentiated 

age  64 

squamous  cell  carcinoma, 

moderately  differentiated 

age  66 

granular  cell 

age  51 

Comparison  of  tubulin  mRNA  levels  among  these  samples  shows  a  range  of  total  tubulin  from 
1000-20000  copies/pg  total  RNA,  with  most  samples  having  copy  numbers  between  1000  and 
2500  copies/pg  total  RNA  (Figure  1 ).  Five  of  the  samples  from  Caucasian  patients  have  copy 
numbers  greater  than  4000/  pg  total  RNA. 
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We  found  that  p  tubulin  class  III  mRNA  is  in  relatively  low  abundance  in  these  samples  (Figure 
2).  This  is  not  surprising  since  the  majority  of  samples  are  squamous  cell  carcinomas  or  low 
stage  tumors,  which  is  consistent  with  reports  in  the  literature  (Katsetos  et  al,  2000) 


Overall,  different  patterns  of  p-tubulin  isotype  mRNA  expression  were  found  for  tumor  samples 
from  Caucasian  and  African  American  patients.  For  example,  p-tubulin  class  V  mRNA  was 
abundant  in  five  of  the  Caucasian  samples,  but  not  in  the  African  American  tumor  samples 
(Figure  3).  On  the  other  hand,  p-tubulin  class  IVA  was  relatively  abundant  in  several  African 
American  tumor  samples  compared  to  the  Caucasian  samples  (Figure  4). 
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4.  Tissues  will  also  be  processed  for  protein  extraction  and  samples  frozen  for  Western 
blotting  later 

Tissues  were  processed  as  described  in  #1 . 
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Year  2 

Goal  1  Continue  to  quantify  and  compare  p-tubulin  isotypes,  stathmin  and  MAP4 

levels  in  NSCLCs  as  in  year  1. 

1.  Tissues  will  be  processed  as  above  for  real-time  RT-PCR  experiments  and  mRNA 

levels  will  be  determined  and  compared. 

a.  Tissues  have  been  processed  for  real-time  RT-PCR  experiments  as  described  above. 
The  primers  and  standards  have  been  made  for  the  stathmin  and  MAP4  data  collection. 
The  total  RNA  samples  already  made  for  the  p-tubulin  qRT-PCR  will  be  used  for  the 
stathmin  and  MAP4  data  collection. 

Goal  2  Examine  the  protein  levels  of  p-tubulin  isotypes,  stathmin  and  MAP4  by 

quantitative  and  semiquantitative  Western  blotting  in  samples  prepared 
from  the  NSCLCs. 

1.  Western  blotting  will  be  done  to  establish  the  linearity  of  response  for  comparison  of 

tissue  samples. 

a.  All  the  antibodies  that  will  be  used  in  the  Western  blotting  have  been  tested.  The 
procedure  for  quantitative  Western  blotting  for  tubulin  isotypes  has  been  developed 
(Hiser  et  al,  2006). 

Conclusions 

1)  The  p-tubulin  class  III  mRNA  abundance  in  the  19  lung  tumor  tissues  examined  thus  far 
is  low,  consistent  with  the  results  obtained  by  immunostaining 

2)  p-tubulin  class  V  mRNA  levels  are  elevated  in  some  tumor  samples  from  Caucasian 
patients,  corresponding  to  samples  with  significantly  higher  total  tubulin. 

3)  p-tubulin  class  IVA  mRNA  levels  are  relatively  higher  in  lung  tumor  samples  from  African 
American  patients,  a  novel  finding.  The  possibility  of  this  tubulin  isotype  serving  as  a 
biomarker  has  not  been  explored  previously. 
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KEY  RESEARCH  ACCOMPLISHMENTS 

Project  1 :  Biologic  Approaches  for  Adjuvant  Treatment  of  Aerodigestive  Tract  Cancer 

•  Successfully  opened  the  Vanguard  trial  at  MDACC  and  Eisenhower  Medical  Center. 

•  Successfully  enrolled  20  patients  with  specimens  collected  and  placed  in  the  pathology 
database  (see  Core  B  and  C  reports). 

•  Successfully  activated  the  biologic  adjuvant  trial  with  celecoxib. 

•  Successfully  secured  the  next  biologic  adjuvant  trial  with  erlotinib  with  protocol  under 
development. 

Project  2:  Identification  of  Biomarkers  of  Response  to  Chemoprevention  Agents  in 
Lung  Epithelium 

•  The  HBEC  model  system  is  a  powerful  new  approach  to  assess  the  contribution  of  individual 
and  combinations  of  genetic  alterations  to  lung  cancer  pathogenesis. 

•  A  combination  of  four  genetic  alterations  including  hTERT  overexpression,  bypass  of 
p16/RB  and  p53  pathways,  and  mutant  K-RASV12  or  mutant  EGFR  is  still  not  sufficient  for 
human  bronchial  epithelial  cells  to  completely  transform  to  cancer. 

•  EGFR  tyrosine  kinase  inhibitors  inhibit  the  growth  of  preneoplastic  HBEC  cells,  suggesting 
their  potential  for  chemoprevention. 

•  Some  differentially  expressed  proteins  were  identified  between  NSCLC  and  HBEC  cells. 

•  For  the  first  time,  a  high  throughput  immunoblotting  approach  combined  with  an  in  vitro 
carcinogenesis  cell  model  was  demonstrated  to  be  useful  to  identify  changes  in  the  levels  of 
different  proteins  potentially  associated  with  lung  carcinogenesis. 

•  A  novel  proteomics  approach  was  developed  to  detect  lower  abundant  proteins. 

•  Some  miRNAs  differentially  expressed  between  HBEC  and  lung  cancer  cells  were  identified. 

Project  3:  Premalignant  Bronchial  Epithelia  -  Molecular  and  Cellular  Characterization 
of  Lung  Tumorigenesis 

•  Demonstrated  increased  expression  of  PSCA  in  bronchial  epithelial  cells  during  in  vitro 
multistep  lung  tumorigenesis. 

•  Demonstrated  the  ability  to  establish  organotypic,  air-liquid  cultures  resembling  bronchial 
epithelium  from  fresh  bronchial  biopsy  specimens. 

•  Demonstrated  that  the  frequency  of  chromosome  instability  increases  with  the  multistep 
tumorigenesis  process. 

•  Demonstrated  that  chromosome  instability  is  associated  with  upregulation  of  phosphorylated 
Histone  H2AX  in  cells  grown  in  organotypic  cultures  both  in  terms  of  its  frequency  and 
spatial  localization. 

Project  4:  Modulation  of  Death  Receptor-Mediated  Apoptosis  for  Chemoprevention 

•  Established  stable  lines  overexpressing  FLIP  using  several  lung  cancer  cell  lines. 

•  Demonstrated  the  downregulation  of  FLIP  by  celecoxib  and  the  impact  of  down-regulated 
FLIP  on  celecoxib-induced  apoptosis  and  enhancement  of  TRAIL-induced  apoptosis. 

•  Demonstrated  that  TRAIL  -  resistant  cells  are  not  cross-resistant  to  various  cancer  therapeutic 
agents  including  DR-induced  ones. 

Project  5:  Molecular  Strategies  Targeting  the  AKT  Signaling  Pathway  for  Lung  Cancer 

Chemoprevention  and  Therapy 

•  Core  B:  Biostatistics  &  Data  Management  Core  constructed  retrovirus  or  adenovirus 
expressing  constitutively  active  or  dominant  negative  Akt. 

•  Celecoxib  did  not  suppress  the  proliferation  of  premalignant  and  malignant  HBE  cells. 
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•  Gefitinib  and  erlotinib  inhibited  immortalized  cells  more  effectively  compared  to  premalignant 
and  malignant  HBE  cells. 

•  SCH66336  inhibited  the  proliferation  of  normal,  premalignant,  and  malignant  human 
bronchial  epithelial  (HBE)  cells  with  no  selectivity. 

•  Provided  statistical/data  management  support  for  the  Vanguard  trial  and  the  adjuvant 
celecoxib  trial. 

•  Completed  the  web-enabled  database  system  to  facilitate  the  conduct  of  both  trials.  It  is  in 
use  now. 

•  Developed  two  new  statistical  methods  that  allow  more  general  interaction  patterns  for  the 
drug  interaction  and  ease  the  restriction  of  existing  methods. 


Core  C:  Pathology  and  Specimen  Procurement  Core 

•  Established  a  repository  of  tissue  and  other  biologic  specimens  and  banked  samples  of 
baseline  bronchoscopies  from  14  patients  enrolled  on  the  clinical  trials  in  Project  1. 

•  Used  the  web-based  database  developed  by  Core  B  for  tracking,  inventory,  reporting,  and 
recording  pathology-related  information. 

•  Provide  histopathologicai  services  including  diagnosis,  IHC  staining,  FISH,  laser  capture 
microdissection  and  tissue  microarray. 

•  Conducted  productive  research  activities,  resulting  in  one  article  in  Cancer  Research  and 
two  in  press. 

DRP-2:  Biomarkers  for  Aggressive  Lung  Carcinomas  in  African  American  Men 

•  Extracted  RNA  and  protein  samples  from  47  NSCLCs  of  Caucasian  patients  and  15  of 
African  American  patients. 

•  Completed  .qRT-PCR  experiments  for  7  p-tubuiin  isotypes  for  30  Caucasian  and  9  African 
American  lung  tumor  samples. 

•  Developed  the  procedure  for  quantitative  Western  blotting  for  p-tubulin  isotypes. 

•  Primers  and  standard  control  samples  have  been  prepared  for  the  MAP4  and  stathmin  qRT- 
PCR  experiments. 
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progression  of  lung  adenocarcinoma.  ACCR  2006. 

2.  Tang  X  et  al.  “Field”  defect  abnormalities  in  lung  adenocarcinoma:  KRAS  vs.  EGFR 
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5.  Liu  X,  Yue  P,  Khuri  FR,  Sun  SY.  FLIP  downregulation  and  its  impact  on  celecoxib-induced 
apoptosis  in  human  lung  cancer  cells.  AACR  2006. 

6.  Hittelman  W  et  al.  Existence  of  clonal  and  subclonal  outgrowths  in  premalignant  and 
stromal  cells  in  the  upper  aerodigestive  tract  of  current  smokers.  AACR  2006. 

Scientific  Products 

1 .  Developed  immortalized  HBEC  lines  that  are  being  deposited  in  the  American  Type 

Culture  Collection  (ATCC)  for  worldwide  distribution.  The  HBEC  lines  are  a  valuable  new 
tool  for  studying  the  pathogenesis  of  lung  cancer  and  developing  new  reagents  to  test  for 
chemoprevention  and  chemotherapeutic  drugs.  The  isogenically  manipulated  HBEC 
system  is  also  a  powerful  approach  to  assess  the  contribution  of  individual  genetic 
alterations  to  tumorigenesis  of  lung  cancer.  (Pis:  Li  Mao,  John  Minna). 

Research  Grants 

1 .  NCI  R01 :  Molecular  mechanism  of  celecoxib-induced  apoptosis.  2005. 

(PI:  Shi-Yong  Sun) 
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CONCLUSION 

In  the  second  year  of  the  grant  period,  the  basic  research  projects  not  requiring  the  VITAL 
patient  samples  have  been  proceeding  well  as  proposed  in  the  Statement  of  Work.  The 
comprehensive  review  process  of  the  VITAL  protocols  and  some  drug  issues  of  celecoxib 
delayed  the  opening  of  both  Vanguard  and  adjuvant  celecoxib  trials,  which  affected  some 
research  projects  that  need  the  VITAL  patient  samples,  such  as  Project  3.  We  are  making  a 
variety  of  efforts  to  speed  up  patient  enrollment  including  hiring  an  intern  fully  coordinating  the 
trials,  actively  contacting  nearby  medical  institutes  for  referrals  to  the  VITAL  studies,  and 
advertising  via  media  and  websites. 

This  year,  we  have  10  publications  including  1  in  JNCI  and  4  in  Cancer  Research,  and  3  articles 
in  revision.  We  also  developed  immortalized  HBECs  deposited  in  ATCC  for  worldwide 
distribution.  A  New  NCI  R01  grant  was  submitted.  Based  on  2  years  of  work,  some  conclusions 
may  be  drawn  for  the  projects. 

Project  1  opened  the  Vanguard  and  adjuvant  celecoxib  trials.  Enrollment  continues  and  should 
improve  with  stepped-up  accrual  efforts.  Patient  samples  will  be  distributed  to  individual 
investigators. 

Project  2  developed  a  powerful  isogenically  manipulated  HBEC  system  to  assess  the 
contribution  of  individual  genetic  alterations  to  tumorigenesis  of  lung  cancer  and  identified 
effects  of  p53  knockdown  and  K-RASV12  on  tumorigenesis  being  additive;  the  combination  of 
four  genetic  alterations,  including  hTERT  overexpression,  bypass  of  p16/RB  and  p53  pathways, 
and  mutant  K-RASV12  not  sufficient  for  human  bronchial  epithelial  cells  to  completely  transform 
to  cancer;  and  EGFR  tyrosine  kinase  inhibitors  being  useful  chemopreventive  drugs  for  lung 
cancer. 

Project  3  completed  pilot  experiments  that  will  ensure  success  with  the  bronchial  biopsy  and 
brush  specimens  obtained  from  LIFE  bronchoscopy  of  participants  in  the  clinical  trials  of  Project 
1.  We  have  optimized  the  conditions  of  gene  expression  microarray  on  bronchial  epithelial  cells 
obtained  from  endobronchoscopic  procedures  and  demonstrated  capability  to  carry  out  clonal 
expansion  and  genetic  instability  analyses  of  bronchial  epithelial  cell  populations  grown  in  a  lung 
organotypic  model. 

Project  4  concluded  that  defects  or  dysregulation  of  death  receptor-mediated  intracellular 
apoptotic  pathway  might  contribute  to  lung  carcinogenesis.  Thus,  appropriate  modulation  such 
as  upregulation  of  DR4  or  DR5  by  small  molecules  such  as  celecoxib  and  lonafarnib  may 
eliminate  premalignant  or  malignant  lung  epithelial  cells  by  promoting  apoptotic  cell  death  to 
achieve  cancer  chemopreventive  and  therapeutic  goals. 

Project  5  concluded  that  celecoxib  might  not  be  an  effective  antiproliferative  agent  and  FTI 
SCH66336  might  not  be  an  effective  chemopreventive  agent  due  to  its  cytotoxicity  on  NHBE 
cells.  Also  EGFR  TKIs  induce  alternative  survival/proliferation  pathways  in  premalignant  and 
malignant  HBE  cells,  and  therefore,  understanding  their  mechanisms  may  provide  better 
chemopreventive  strategies  using  EGFR  TKIs. 

Biostatistics  and  Data  Management  Core  has  continued  to  work  actively  with  all  the  VITAL 
Projects  in  their  research  efforts,  especially  in  the  area  of  biostatistical  support  and  consulting  in 
the  clinical  trial  design,  implementation,  and  analysis  of  experimental  results.  In  addition,  the 
Core  developed  a  web-enabled  database  system  to  facilitate  the  conduct  of  the  trials. 
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Pathology  and  Specimen  Procurement  Core  has  acquired  and  banked  specimens  from  14 
bronchoscopy  biopsies  and  18  resected  specimens  from  lung  cancer  and  head/neck  tumor 
patients;  used  the  web-enabled  database  developed  by  Biostatistics  Core  to  track  and 
inventory  bronchoscopy  specimens  and  report  histopathological  features  of  the  bronchial 
mucosa  from  the  bronchoscopy  biopsy;  and  developed  a  priority  sample  distribution  list  for 
VITAL  individual  projects  for  IHC  biomarker  analysis  using  formalin-fixed  and  paraffin- 
embedded  bronchial  tissues. 

DRP-2  found  that  the  p-tubulin  class  III  mRNA  abundance  in  the  19  lung  tumor  tissues 
examined  thus  far  was  low,  consistent  with  the  results  obtained  by  immunostaining;  the  p- 
tubulin  class  V  mRNA  levels  were  elevated  in  some  tumor  samples  from  Caucasian  patients, 
corresponding  to  samples  with  significantly  higher  total  tubulin;  and  the  p-tubulin  class  IVA 
mRNA  levels  were  relatively  higher  in  lung  tumor  samples  from  African  American  patients,  a 
novel  finding.  The  possibility  of  this  tubulin  isotype  serving  as  a  biomarker  has  not  been 
explored  previously. 
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9-c/s-Retinoic  Acid  Treatment  Increases  Serum  Concentrations  of 
cx-Tocopherol  in  Former  Smokers 


Ji-Youn  Han,1  Diane  D.  Liu,2  J.  Jack  Lee,“ 
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ABSTRACT 

Purpose:  Low  serum  concentrations  of  antioxidants 
may  be  associated  with  an  increased  risk  of  cancer.  Based 
on  the  accumulated  evidence,  we  hypothesized  that  reti¬ 
noids  would  elevate  serum  ot-tocopherol.  This  study  was 
designed  to  determine  whether  9-cz's -retinoic  acid  (9 -cis- 
RA),  the  most  common  chcmopreventive  agent,  could  alter 
serum  a-tocopherol  in  former  smokers.  Because  hyperlip¬ 
idemia  is  a  know  n  side  effect  of  retinoids,  we  also  evaluated 
the  association  between  serum  a-tocopherol  and  lipids  in 
the  same  population. 

Experimental  Design:  Subjects  who  had  stopped  smok¬ 
ing  at  least  12  months  before  the  study  were  randomly 
assigned  to  receive  oral  9-cis-RA  or  placebo  daily  for  3 
months.  Clinical  information  and  blood  samples  were 
obtained  monthly;  serum  a-tocopherol  concentrations  were 
measured  by  high-performance  liquid  chromatography  and 
lipid  levels  by  enzymatic  assays  before  treatment  and  every 
month  during  the  treatment. 

Results:  Of  the  149  subjects  in  the  study,  113  completed 
3  months  of  treatment  and  provided  samples  for  evaluation 
of  serum  a-tocopherol.  Serum  a-tocopherol  levels  in  the  9- 
czs-RA  group  (n  =  52)  were  higher  after  treatment  (r  =  0.445, 
P  <  0.01)  than  before.  The  incidences  of  grade  >2  hyper¬ 
triglyceridemia  and  hypercholesterolemia  were  higher  in  the 
9-cz.v-RA  group  than  in  the  placebo  group  ( P  =  0.0005  and 
P  -  0.01,  respectively),  but  there  were  no  serious  complica¬ 
tions  related  to  hyperlipidemia. 

Conclusions-.  Treatment  of  former  smokers  with  9-cis- 
RA  significantly  increased  their  serum  a-tocopherol  levels, 
and  this  could  be  a  benefit.  In  addition,  serum  a-tocopherol 
could  serve  as  a  biomarker  for  9-cz's-RA  treatment. 
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INTRODUCTION 

Because  lung  cancer  is  the  leading  cause  of  cancer-related 
death  worldwide  (1,  2),  chemoprevention  has  become  an 
increasingly  important  priority  in  the  effort  to  reduce  its 
incidence  (3).  Thus  far,  the  most  often  used  chemopreventive 
agents  for  aerodigestive  tract  cancers  have  been  retinoids  (4), 
which  bind  and  transactivate  retinoic  acid  (RA)  receptors  (RAR) 
and  retinoid  X  receptors  (RXR),  both  of  which  belong  to  the 
superfamily  of  steroid  nuclear  receptors.  Among  the  retinoids, 
all-Zrans-RA  is  selective  for  RARs,  and  9-cw-RA  binds  both 
RARs  and  RXRs  (5).  In  contrast,  13-czls-RA  binds  to  neither 
receptor  type  but  is  thought  to  bind  to  the  retinoid  receptors  after 
intracellular  stereoisomerization  to  all-/nms-RA  or  9-cw-RA  (6). 

Several  findings  have  shown  the  potential  of  retinoids  as 
cancer  chemopreventive  agents  (7-12).  First,  9-cw-RA  has 
shown  antiproliferative  activity  against  a  broad  range  of 
neoplastic  cells,  including  those  from  prostate  cancer  (7),  breast 
cancer  (8,  9),  leukemia  and  lymphoma  (10),  lung  cancer  (11), 
and  head  and  neck  cancer  (12).  Second,  9-cw-RA  had  substantial 
in  vivo  anticarcinogenic  activity  in  rat  mammary  glands  (13,  14) 
and  rat  colons  (15).  Finally,  in  patients  with  a  history  of  cancer  of 
the  head  and  neck  region,  13-cw-RA  treatment  reduced  the 
incidence  of  second  primary  tumors  and  reversed  leukoplakia 
(i.e.,  premalignant  oral  lesions;  refs.  16,  17). 

Despite  these  promising  findings,  enthusiasm  for  the  use  of 
retinoids  as  chemopreventive  agents  for  lung  cancer  waned  after 
two  large  randomized  clinical  trials  ended  with  disappointing 
results.  The  Alpha-Tocopherol,  Beta  Carotene  Cancer  Prevention 
Study,  which  tested  the  efficacy  of  the  antioxidant  dietary 
supplements  a-tocopherol  and  (3-carotene,  actually  showed  that 
(3-carotene  significantly  increased  lung  cancer  incidence  and 
mortality  over  the  levels  observed  in  participants  not  taking  it 
(18).  The  detrimental  effects  of  (3-carotene  were  confirmed  by 
the  Beta-Carotene  and  Retinol  Efficacy  Trial,  which  revealed  a 
28%  higher  rate  of  lung  cancer  and  17%  higher  overall  death  rate 
in  participants  taking  (3-carotene  than  in  those  not  taking  the 
supplement  (19).  However,  further  analyses  showed  that  the 
adverse  effects  of  [3-carotene  were  restricted  to  active  smokers  in 
both  trials  (20).  In  addition,  there  was  some  evidence  of  a  benefit 
from  retinoid  treatment  in  nonsmokers  and  former  smokers  (21), 
suggesting  that  the  response  to  retinoids  differs  in  current  and 
former  smokers.  Supporting  these  findings,  1 3 -cw-RA  treatment 
of  current  smokers  had  no  effect  on  bronchial  squamous 
metaplasia,  a  histologic  abnormality  associated  with  smoking, 
whereas  13-cw-RA  treatment  inhibited  bronchial  squamous 
metaplasia  in  former  smokers  (22).  Wang  et  al.  (23)  reported 
that  cigarette  smoke  and  high  doses  of  (3-carotene  induced  a 
decrease  in  RA  concentrations  and  RAR- (3  expression  and  an 
increase  in  cell  proliferation  and  the  expression  of  activating 
protein  1  family  members  (c-Jun  and  c-Fos)  and  cyclin  D1  in  the 
lung  tissue  of  ferrets.  Liu  et  al.  (24)  showed  that  the  oxidative 
metabolites  of  (3-carotene  generated  by  smoke-induced  produc¬ 
tion  of  cytochrome  @450,  which  interferes  with  RA  metabolism 
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by  down-regulating  RAR  signaling  and  suppressing  RAR-|3 
expression.  We  recently  showed  in  a  chemopreventive  trial 
that  9-cw-RA  could  benefit  fonner  smokers  (25)  by  increasing 
RAR-(3  expression  and  decreasing  metaplasia  relative  to  the 
findings  in  the  control  group.  These  findings  suggest  that  current 
and  former  smokers  had  different  responses  to  retinoids  and  that 
retinoids,  especially  9-czs-RA,  have  potential  as  chemopreven- 
tive  agents  in  former  smokers.  Based  on  this  notion,  we  sought 
to  identify  other  benefits  of  9-cis-RA  for  former  smokers. 

Antioxidants  also  have  potential  as  chemopreventive  agents 
(26  -28),  and  low  serum  levels  of  antioxidants  are  associated 
with  an  increased  risk  of  cancer  (29-31).  Because  a  correlation 
has  been  observed  between  serum  levels  of  retinoids  and  the 
antioxidant  a-tocopherol  (32),  we  hypothesized  that  serum 
levels  of  a-tocopherol  would  be  elevated  in  people  who  had 
been  treated  with  retinoids.  To  test  our  hypothesis,  we 
retrospectively  analyzed  data  from  a  previously  published 
three-arm,  randomized,  double-blinded,  placebo-controlled  trial 
comparing  9-cis-RA,  13-cw-RA  plus  a-tocopherol,  and  placebo 
daily  for  3  months  (25).  Because  hyperlipidemia  is  a  common 
side  effect  of  retinoid  treatment  (33,  34),  we  also  evaluated 
possible  associations  between  serum  a-tocopherol  and  lipid 
levels  in  the  same  subjects. 

MATERIALS  AND  METHODS 

Subjects.  The  original  trial  design,  the  method  of 
determining  compliance  with  the  trial  protocol  and  the 
monitoring  of  toxic  effects  of  the  drugs  have  been  previously 
described  (25).  That  study  was  a  three-arm,  randomized,  double- 
blinded,  placebo-controlled  trial  comparing  9-cw-RA  (100  mg), 

1 3-ci.s’-RA  (1  mg/kg)  plus  a-tocopherol  (1,200  RJ),  and  placebo 
daily  for  3  months  (25).  RAR-(3  was  detected  in  69.7%  of  all 
baseline  biopsy  samples,  and  metaplasia  was  evident  in  6.9%  of 
all  baseline  samples  from  240  subjects  enrolled  between 
November  1 995  and  May  2001 .  RAR-fJ  expression  was  restored 
and  metaplasia  was  reduced  after  treatment  in  the  9-cis-RA 
group.  After  adjustment  for  years  of  smoking,  packs  per  day 
smoked,  and  metaplasia,  treatment  with  9-cw-RA  but  not  with 
13-m-RA  plus  a-tocopherol  led  to  a  statistically  significant 
increase  in  RAR-p>  expression  compared  with  placebo.  All 
subjects  were  fonner  smokers,  defined  as  people  with  a  smoking 
history  of  at  least  20  pack-years  who  had  stopped  smoking  at 
least  1  vear  before  entering  the  study.  To  be  eligible,  subjects  had 
to  have  adequate  renal,  hematologic,  and  hepatic  function  and 
must  not  have  taken  more  than  25,000  RJ  of  vitamin  A  or  other 
retinoids  per  day  within  3  months  of  study  entry.  Subjects  with  a 
prior  smoking-related  cancer  were  eligible  if  they  had  been 
tumor-free  for  6  months  before  enrollment.  Subjects  were 
required  to  abstain  from  consuming  vitamin  supplements  during 
the  study.  Before  being  randomly  assigned  to  a  treatment  group, 
all  eligible  subjects  provided  written  informed  consent.  This 
study  was  approved  by  the  institutional  review  board  at  the 
University  of  Texas  M.D.  Anderson  Cancer  Center  and  by  the 
US.  Department  of  Health  and  Human  Services.  Subjects  were 
seen  monthly  and  evaluated  for  compliance  with  the  trial 
protocol  and  for  drug-related  toxic  effects.  Serum  cotinine  levels 
were  determined  at  baseline  and  at  3  and  6  months  after 
treatment  initiation  to  document  compliance  with  smoking 


abstinence  during  the  trial.  The  treatment  duration  of  3  months 
was  chosen  on  the  basis  of  toxicity  data  from  prior  phase  I  trials 
that  involved  9-cw-RA  treatment  (35,  36).  In  the  current 
analysis,  we  did  not  include  the  group  treated  with  13-cz'j-RA 
plus  a-tocopherol  to  avoid  possible  confounding  effects  from 
oral  supplementary  a-tocopherol. 

Specimen  Collection.  To  analyze  changes  in  a-tocopherol 
levels  and  toxicity,  blood  specimens  (10  mL)  were  drawn  from 
each  participant  at  the  beginning  of  the  study  and  then  monthly 
during  treatment.  Blood  was  collected  in  heparinized  tubes 
and  transported  immediately  to  the  laboratory,  where  the  speci¬ 
mens  were  separated  and  processed.  Serum  was  collected  after 
centrifugation  of  the  blood  at  1,500  rpm  for  10  minutes  at  room 
temperature  and  was  stored  at  — 80°C  until  it  was  needed  for 
testing. 

High-Performance  Liquid  Chromatography  Analysis 
for  ct-Tocopherol.  Methods  for  extracting  analytes  from 
serum,  quality  control  variables  and  the  high-performance  liquid 
chromatography  (HPLC)  methods  for  analyzing  a-tocopherol  in 
serum  have  been  published  previously  (29).  Briefly,  a  hexane 
extract  of  0.4  mL  of  serum  was  injected  onto  a  3-pm  C-18 
Spherisorb  ODS-2  HPLC  column  (1050  HPLC  system;  Hewlett- 
Packard,  Avondale,  PA)  and  eluted  with  an  isocratic  solvent 
consisting  of  73%  acetonitrile,  12%  tetrahydrofuran,  8% 
methanol,  7%  water,  0.025%  ammonium  acetate,  and  0.05% 
diethylamine  (v/v)  at  1.2  mL/min.  a-Tocopherol  was  detected  at 
292  nm.  The  HPLC  system  was  fully  automated  and  equipped 
with  quaternary  pumps,  an  electronic  degasser,  insulated  column 
housing,  an  automatic  sampler  diode  array  detector,  and  software 
to  run  the  system  and  perform  data  management.  The  coefficient 
of  variation  for  the  pooled  quality  control  samples  for  all  of  the 
analytes  was  <10%. 

Biochemical  Assays.  Serum  levels  of  triglycerides  and 
cholesterol  were  measured  with  routine  enzymatic  methods  on  a 
random  access  clinical  chemistry  system  (Dimension,  Dade 
Behring  International,  Inc.,  Newark,  NT). 

Statistical  Analyses.  The  Wilcoxon  rank  sum  test  and 
Kruskal-Wallis  test  were  used  to  test  the  equal  medians  of 
continuous  variables  between  two  treatment  groups.  Either  the 
/2  test  or  Fisher’s  exact  test  was  used  to  test  the  association 
between  two  categorical  variables.  Because  the  distributions  of 
a-tocopherol  were  skewed,  the  differences  in  a-tocopherol  levels 
between  treatment  groups  were  tested  with  the  Wilcoxon  rank 
sum  test.  Changes  in  serum  a-tocopherol  levels  from  baseline 
levels  were  tested  separately  at  each  subsequent  patient  visit  (i.e., 
at  1-,  2-,  3-,  and  6-month  visits)  and  in  each  group  by  using  the 
Wilcoxon  rank  sum  test.  All  statistical  tests  were  two-sided,  with 
a  5%  type  1  error  rate.  Statistical  analysis  was  done  with  standard 
statistical  software,  including  SAS  Release  8.1  (SAS  Institute, 
Cary,  NC)  and  S-Plus  2000  (Mathsoft,  Inc.,  Seattle,  WA). 

RESULTS 

Characteristics  of  Subjects.  The  characteristics  of  the 
eligible  subjects  have  been  described  in  detail  previously  (25). 
Two  hundred  forty  subjects  were  entered  into  the  original 
clinical  trial,  of  whom  226  were  eligible  to  be  randomly 
assigned  into  one  of  the  three  treatment  groups  (9-cw-RA,  13- 
cw-RA  plus  a-tocopherol,  or  placebo);  149  of  these  participants 
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Table  I  Baseline  characteristics  of  subjects  according  to 
treatment  group 


Placebo  (n  —  61) 

9-cis-RA  (n  =  52) 

P* 

Gender  (%) 

Male 

37  (60.7) 

27  (51.9) 

0.35 

Female 

24  (39.3) 

25  (48.1) 

Race  (%) 

White 

52  (85.3) 

49  (94.2) 

0.35 

African 

6  (9.8) 

2  (3.9) 

Hispanic 

3  (4.9) 

1  (1.9) 

Oriental 

0 

0 

Smoking-related  cancer  (%) 

No  54  (88.5) 

48  (92.3) 

0.54 

Yes 

7  (11.5) 

4  (7.7) 

Age 

Mean  x  SD 

58.1  ±  8.9 

55.7  ±  9.2 

0.12 

Median  (range') 

58.8  (34.9-73.6) 

54.9  (35.9-74.5) 

Body  mass  index 

Mean  r:  SD 

27.8  ±  4.1 

28.1  ±  5.38 

0.92 

Median  (range) 

27.1  (20.6-39.4) 

27.3  (19.4-44.4) 

Smoking  years 

Mean  -  SD 

29.1  ±  9.8 

27.3  ±  9.5 

0.39 

Median  (range) 

30  (15-50) 

26  (10-50) 

Packs  per  day 

Mean  x  SD 

1.7  ±  0.7 

1.9  ±  0.8 

0.23 

Median  (range) 

1.5  (1-4) 

2  (0.8-4) 

Pack- years 

Mean  z  SD 

50.2  ±  27.2 

52.6  ±  30.5 

0.94 

Median  (range) 

42.5  (20-135) 

42  (20-136) 

Smoking  quit  years 

Mean  ±  SD 

10.4  ±  8.8 

11.0  ±  8.7 

0.56 

Median  (range) 

10.1  (1.1-35.2) 

7.8  (1.0-38.2) 

Cholesterol 

Mean  -  SD 

205.8  ±  37.5 

206.9  ±31.9 

0.74 

Median  (range) 

198  (141-292) 

205  (151-283) 

Triglyceride 

Mean  +  SD 

142.4  ±  65.9 

152.2  ±  60.4 

0.39 

Median  (range) 

132  (43-309) 

136  (58-282) 

♦The  Wilcoxon  rank  sum  test  was  performed  to  test  of  continuous 
variables  between  two  treatment  groups.  The  x2  test  (for  sex)  arK* 
Fisher’s  exact  test  (for  race  and  smoking-related  cancer)  were  performed 
to  test  the  association  between  two  categorical  variables. 

(the  subjects  of  the  current  analysis)  had  been  randomly 
assigned  to  either  the  placebo  or  the  9-cw-RA  groups,  and 
1 1 3  of  them  completed  3  months  of  treatment.  The  character¬ 
istics  of  the  evaluable  subjects  are  summarized  in  Table  1.  Each 
treatment  group  was  well  balanced  for  age,  sex,  race,  history  of 
smoking-related  cancer,  number  of  pack-years,  number  of  years 
since  stopping  smoking,  body  mass  index,  and  serum  levels  of 
cholesterol  and  triglycerides.  Serum  cotinine  levels  drawn  at 
registration,  at  3  and  6  months  showed  that  >95%  of  the 
participants  had  serum  levels  in  the  range  of  nonsmokers 
(<1.0  ng/mL)  or  passive  smokers  (1-20  ng/mL)  at  all  three 
measurement  times. 

Effects  of  9-cis-RA  Treatment  on  Serum  ot-Tocopherol 
Level.  We  investigated  whether  9-cz.s-RA  treatment  affected 
the  serum  a-tocopherol  level.  We  found  that  baseline  serum 
a-tocopherol  level  of  the  placebo  group  was  not  different 
from  that  of  9-cis-RA  treatment  group  (Table  2).  Serum  a- 
tocopherol  concentrations  significantly  increased  over  time  in 
the  9-cw-RA  group  but  not  in  the  placebo  group,  peaking 
1  month  after  the  start  of  treatment  and  maintaining  this  level 
throughout  treatment.  This  finding  indicates  that  9-cis-RA  can 
increase  serum  ct-tocopherol  concentrations  in  former  smokers. 


Table  2  a-Tocopherol  level  at  baseline  and  during  treatment 
of  9 -cis  -RA 

a-Tocopherol  level,  median  (range,  jig/dl) 

Placebo  ( n  =  61)  9-cis-RA  ( n  =  52)  P 

Baseline  13,017  (2,241-45,620)  14,002  (6,162-33,779)  0.37* 

1st  month  11,818  (1,311-22,306)  16,456  (7,883-48,877)  0.005f 

2nd  month  11,454  (5,770-26,506)  15,847  (7,607-46,132)  0.003f 

3rd  month  12,354  (6,788-23,150)  15,381  (8,461-49,383)  O.Olf 

*P  was  obtained  from  the  Wilcoxon  rank  sum  test. 

f P  was  obtained  from  repeated-measures  analysis  using  a  mixed 
model. 

To  determine  whether  subject  characteristics  may  have 
affected  their  baseline  serum  a-tocopherol  level,  we  evaluated 
possible  associations  between  the  characteristics  listed  in  Table  1 
and  baseline  serum  a-tocopherol  levels.  Gender,  race,  body  mass 
index,  number  of  pack-years,  number  of  years  since  stopping 
smoking,  and  levels  of  cholesterol  were  not  associated  with  the 
baseline  serum  a-tocopherol  level  (Table  3).  However,  the 
baseline  serum  triglyceride  level  and  age  were  significantly 
associated  with  higher  baseline  serum  a-tocopherol  levels.  When 
adjusted  for  body  mass  index,  the  effects  of  both  age  (P  =  0.02) 
and  baseline  serum  triglyceride  level  ( P  =  0.008)  on  the  baseline 
serum  a-tocopherol  concentration  were  found  to  be  significant 
by  regression  analysis. 

Effects  of  9-cis-RA  Treatment  on  Serum  Concentrations 
of  Triglycerides  and  Cholesterol.  We  tested  the  serum  levels 
of  lipids,  including  triglycerides  and  cholesterol,  in  all 
participants.  During  treatment,  serum  levels  of  lipids  were 
significantly  increased  in  9-cis-RA  group  and  decreased  when 
treatment  with  9-cis-RA  was  stopped  (Fig  1).  In  testing  the 

Table  3  Association  between  baseline  a-tocopherol  level  and 


demographic  characteristics 

Characteristics 

a-Tocopherol  level, 
mean  ±  SD  (range,  ng/mL) 

P* 

Gender 

Male 

15,090  ±  6,967.4  (7,086-45,620) 

0.96 

Female 

14,399  ±  5,993.7  (2,241-33,779) 

Race 

White 

15,097  ±  6,701.4  (2,241-45,620) 

0.24 

African 

12,796  ±  5,252.6  (7,086-21,245) 

Hispanic 

11,047  ±  2,203.1  (8,484-13,792) 

Age  (y) 

<60 

13,885  ±  6,287.0  (5,575-45,620) 

0.02 

S60 

16,380  ±  6,758.4  (2,241-33,586) 

Body  mass  index 

Nonobese  (<28) 

14,040  +  5,036.2  (5,575-29,889) 

0.47 

Obese  (>28) 

15,531  ±  6,844.1  (6,162-33,779) 

Pack-years 

<40 

14,357  ±  6,742.6  (5,575-45,620) 

0.47 

>40 

15,135  ±  6,415.0  (2,241-33,779) 

Smoking  quit  years 

<10 

13,827  ±  5,515.5  (2,241-30,742) 

0.15 

>10 

15,921  ±  7,472.0  (5,575-45,620) 

Cholesterol  (mg/dl) 

<200 

14,060  ±  5,560.5  (5,575-33,586) 

0.32 

>200 

15,419  ±  6,992.6  (2,241-45,620) 

Triglyceride  (mg/dl) 

<135 

12,562  ±  4,550.0  (2,241-25,603) 

0.008 

>135 

16,440  ±  7,146.4  (7,681-45,620) 

*P  was  obtained  from  the  Wilcoxon  rank  sum  test. 


Cholesterol  (mg/dl)  CD  Triglyceride  (mg/dl) 
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Fig.  1  Effect  of  9-cw-RA  on 
the  serum  levels  of  ( A )  trigly¬ 
cerides  and  (5)  cholesterol  after 
3  months  of  treatment. 


serum  levels  of  lipids,  including  triglycerides  and  cholesterol, 
in  all  participants,  we  found  no  significant  difference  in  the 
incidence  of  grade  1  hyperlipidemia  between  the  9-cis-RA 
croup  and  the  placebo  group  during  treatment  (Table  4). 
However,  9-cis-RA  group  showed  significantly  more  subjects 
of  grade  >2  hypertriglyceridemia  and  hypercholesterolemia 
than  the  placebo  group  (P  <  0.0001).  Of  52  evaluable  subjects 
in  the  9-ci.s-RA  group,  22  (42%,  P  =  0.0001)  and  12  (23%, 
p  =:  0.0001)  developed  grade  >2  hypertriglyceridemia  and 
hypercholesterolemia,  respectively.  One  of  the  participants  in 
the  9-cis-RA  group  experienced  grade  4  hypertriglyceridemia 
and  discontinued  treatment.  However,  no  serious  complica¬ 
tions  related  to  hypertriglyceridemia  or  hypercholesterolemia, 
such  as  cardiovascular  events,  pancreatitis,  or  death,  were 
experienced  in  either  group,  and  the  hyperlipidemia  disap¬ 
peared  after  discontinuation  of  9-cis-RA  treatment.  Finally,  we 
evaluated  whether  the  modulation  of  serum  lipid  levels  was 
associated  with  modulation  of  serum  a-tocopherol  levels 
during  3  months  of  9-cis-RA  treatment.  The  modulation  of 
serum  a-tocopherol  levels  in  the  9-cis-RA  treatment  group 


was  significantly  associated  with  the  changes  in  serum  levels 
of  triglyceride  (Fig.  2 A)  and  cholesterol  (Fig.  25). 

DISCUSSION 

To  our  knowledge,  this  is  the  first  report  showing  that  9-cis- 
RA  affects  serum  a-tocopherol  levels  and  that  serum  a-tocopherol 
levels  correlated  with  serum  lipid  levels  in  the  setting  of 
a  chemoprevention  trial.  Specifically,  daily  doses  of  9-cis-RA 
increased  serum  concentrations  of  a-tocopherol,  a  well-known 
antioxidant,  in  former  smokers  who  had  not  smoked  for  at  least 
1  year. 

It  has  been  suggested  that  an  imbalance  between  oxidants 
and  antioxidants  results  in  a  chronic  state  of  oxidative  stress 
that  could  contribute  to  various  human  diseases,  including 
cancer  (37).  In  fact,  reactive  oxygen  species  are  constantly 
generated  by  ionizing  and  UV  radiation,  activation  of  chemical 
carcinogens,  and  the  presence  of  heavy  metal  carcinogens,  and 
these  reactive  oxygen  species  can  damage  DNA  and  thus 
cause  mutations  that  can  lead  to  cancers  (38).  Antioxidants 
protect  cells  from  DNA  damage  by  directly  removing  these 
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Table  4  The  incidence  of  hypertriglyceridemia  or  hypercholesterolemia 


according  to  treatment  group 


National  Cancer  Institute 
Common  Toxicity  Criteria 

Placebo 
(n  =  61) 

9-cu-RA 
(n  =  52) 

P* 

Hvpertri  glyceridemia 

Grade  1  (‘>2.5  x  ULN) 

28 

23 

<U.UUUi 

Grade  2  (  -2. 5-5.0  x  ULN) 

2 

15 

Grade  3  (>5.0-10  x  ULN) 

0 

6 

Grade  4  (>10  *  ULN) 

0 

1 

1  Ivnercholesterolcmi  a 

Grade  I  (>ULN'-300  mg/dl) 

22 

24 

<0.0001 

Grade  2  (>300-400  mg/dl) 

0 

8 

Grade  3  (>400-500  mg/dl) 

0 

2 

Grade  4  (>500  mg/dl) 

0 

Abbreviation:  ULN,  upper  limit  of  normal  range. 

•  P  value  was  obtained  from  the  Fisher’s  exact  test. 


reactive  oxygen  species  thus  reducing  DNA  damage  and 
potentially  decreasing  tumorigenesis.  Indeed,  several  studies 
have  already  shown  the  cancer  chemopreventive  properties  of 
antioxidants  (39).  For  example,  dietary  supplementation  with 
a -tocopherol  has  been  shown  to  prevent  exercise-induced 
DNA  damage  (40),  and  results  from  a  randomized  phase  II 
c h emopreventi on  trial  showed  that  ot-tocopherol  decreased 
oxidative  DNA  damage  (41).  The  use  of  ot-toeopherol  to 
prevent  human  cancer  has  been  evaluated  for  lung  cancer,  oral 
leukoplakia,  colorectal  polyps,  and  prostate  cancer  (30,  39,  41, 
42).  In  a  separate  study,  vitamin  C,  vitamin  E,  and  (3-carotene 
supplementation  also  significantly  reduced  endogenous  oxida¬ 
tive  DNA  damage  in  lymphocytes  and  increased  resistance  to 


oxidative  damage  induced  by  hydrogen  peroxide  (43).  Taken 
together,  these  findings  suggest  that  9-cis-RA  can  induce 
potential  cancer  chemopreventive  activities  in  former  smokers 
by  increasing  a-tocopherol  levels. 

We  found  age  to  be  significantly  associated  with  higher 
baseline  serum  ct-tocopherol  levels,  an  observation  also  found  in 
other  cohort  studies  (30,  44,  45).  The  positive  association 
between  a-tocopherol  levels  and  age  can  be  explained  by  age- 
related  changes  in  the  metabolism  and  transport  of  a-tocopherol; 
for  example,  the  activity  of  lipoprotein  lipase,  an  enzyme  that 
releases  a-tocopherol  from  chylomicrons  and  transfers  it  to 
tissues,  has  been  shown  to  decrease  with  age  (30).  We  also 
noted  a  positive  relationship  between  baseline  triglyceride  and 
a-tocopherol  levels.  Because  a-tocopherol  is  preferentially 
bound  by  the  hepatic  tocopherol  binding  protein,  which  is 
incorporated  into  both  low-  and  high-density  lipoproteins 
(44,  46),  increases  in  serum  triglyceride  levels  could  be  expected 
in  association  with  increased  serum  a-tocopherol  levels. 
Baseline  serum  cholesterol  levels  also  seemed  associated  with 
baseline  serum  a-tocopherol  levels,  but  this  apparent  relationship 
was  not  statistically  significant,  perhaps  because  baseline  serum 
cholesterol  levels  were  distributed  over  a  narrow  range.  Because 
hyperlipidemia,  especially  hypertriglyceridemia,  is  a  well-known 
effect  of  the  clinical  use  of  retinoids,  we  evaluated  serum  lipid 
concentrations  and  found  that  hypertriglyceridemia  and  hyper¬ 
cholesterolemia  developed  in  42%  and  23%  of  patients,  all 
former  smokers,  treated  with  9-cw-RA,  respectively,  proportions 
that  are  consistent  with  previous  findings  (47,  48).  Moreover, 
elevation  of  serum  a-tocopherol  concentrations  was  significantly 


Fig.  2  The  correlation  between  changes  in  serum  levels  of  lipids  and  changes  m  serum  levels  of  a-tocopherol  level  m 

treatment  groups.  Wilcoxon  rank  sum  test  was  performed  to-tocopherol  level  (3-month  value  minus  baseline  value)  compared  with  the  changes  m  the 
“  (7)  triglyceride  (3-month  value  minus  baseline  value)  (r  =  0.68,  P  <  0.001)  and  (fi)  cholesterol  (3-month  value  minus  baseline  value)  (r  -  0.5, 


P  =  0.004)  levels. 
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associated  with  elevated  levels  of  lipids  in  this  group.  A 
plausible  explanation  for  this  finding  is  the  unique  binding 
characteristics  of  9-cis -RA  to  retinoid  receptors  that  have 
transcription  activities.  Several  studies  have  provided  evidence 
that  retinoids  induce  hyperlipidemia  by  activating  RAR,  RXR,  or 
both  (49-51).  In  one  study,  the  simultaneous  activation  of  RAR 
and  RXR  by  panagonists  induced  2-  to  3-fold  higher  levels 
of  serum  triglycerides  than  did  activation  of  RAR  alone  (51). 
Vu-Dac  ct  al.  (52)  reported  that  RXR  activation  increased  the 
expression  of  apo  C-1I1,  a  key  player  in  plasma  triglyceride 
metabolism.  Furthermore,  9-cis-RA  induces  the  expression  of 
the  ATP-binding  cassette  transporter  Al,  a  major  regulator  of 
peripheral  cholesterol  efflux  and  plasma  high-density  lipoprotein 
metabolism  and  increases  apo  A-I-mediated  cholesterol  efflux, 
thereby  increasing  the  cholesterol  concentration  in  the  blood 
(53,  54).  These  data  indicate  that  RAR  and  RXR  ligands  can 
act  synergistically  to  induce  high  serum  concentrations  of  lipids, 
suggesting  that  hyperlipidemia  may  be  a  greater  issue  for  9 -cis- 
RA,  an  RAR/ RXR  panagonist,  than  for  other  RAs  (6). 

The  risk  of  hyperlipidemia  resulting  from  retinoid  treatment 
in  our  chemoprevention  trial  was  not  clear.  More  small  dense 
low-density  lipoprotein  particles  are  present  in  the  blood  m 
hyperlipidemia,  and  these  particles  are  more  susceptible  to 
oxidation  and  are  associated  with  enhanced  peroxidation 
products  (55).  A  high  serum  level  of  ot-tocopherol,  which  breaks 
the  chain  reaction  of  lipid  peroxidation  by  donating  a  hydrogen 
atom  to  the  reactive  oxygen  species,  could  result  in  the  formation 
of  a  relatively  stable  a-tocopherol  radical  that  is  thought  to  be 
recycled  by  ascorbate  and  ubiquinol  (56,  57),  suggesting  that  the 
ability  of  9-d.v-RA  to  modulate  serum  a-tocopherol  concen¬ 
trations  may  protect  cells  from  increased  concentrations  of  lipid 
peroxidants.  Indeed,  no  serious  complications  related  to  hyper¬ 
triglyceridemia  or  hypercholesterolemia,  such  as  cardiovascular 
problems,  pancreatitis,  or  death,  were  experienced  in  the  subjects 
treated  with  9-c/s-RA  in  our  study.  Only  one  patient  with 
grade  4  hypertriglyceridemia  stopped  9-cis-RA  treatment,  and 
even  that  patient  had  no  hyperlipidemia-associated  complica¬ 
tions.  Furthermore,  measurements  of  serum  lipid  levels  after 
treatment  was  discontinued  showed  normalization  of  lipid 
levels  in  all  subjects.  However,  considering  recent  findings 
that  the  risk  of  lung  cancer  is  higher  in  recent  former  smokers 
than  in  current  smokers  (58),  the  inclusion  of  subjects  (albeit 
few)  with  prior  cancers  and  recent  smoking  cessation  might 
have  clouded  our  data.  Therefore,  cognizance  of  the  potential 
cardiovascular  risk  should  be  well  advised  when  oral 
supplementation  of  agents  that  increase  serum  a-tocopherol 
levels  is  considered  for  chemoprevention  trial  in  a  group  of 
former  smokers.  Close  monitoring  of  symptoms  and  signs  of 
hyperlipidemia  and  the  use  of  lipid-  and  cholesterol-lowering 
agents  would  be  recommended  for  subjects  taking  9-cis-RA 
for  long  periods.  In  addition,  further  study  is  needed  to  clarify 
the  relationship  between  hyperlipidemia  and  retinoid  treatment 
and  to  define  the  adequate  duration  of  retinoid  treatment  in  a 
chemoprevention  trial. 

In  summary,  to  our  knowledge,  our  results  show  for  the  first 
time  that  9-cis-RA  treatment  increased  serum  a-tocopherol 
levels  in  former  smokers.  From  the  perspective  of  directing 
future  public  health  initiatives,  our  current  findings  are  important 
because  increasing  serum  levels  of  the  antioxidant  may  inhibit 


cell  proliferation  and  angiogenesis  and  stimulate  apoptosis  and 
immune  function  (59-61).  Additional  work  is  warranted  to 
determine  whether  other  antioxidants,  such  as  vitamin  C,  vitamin 
A,  and  [1-carotene,  are  regulated  by  9-cis-RA  treatment  in  former 
smokers  and  whether  the  changes  in  a-tocopherol  levels  induced 
by  9-cis-RA  correlate  with  their  ability  to  reduce  the  risk  of  lung 
cancer  in  former  smokers. 
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Abstract 

Decoy  receptor  2  (DcR2)  is  one  of  the  tumor  necrosis  factor- 
related  apoptosis-inducing  ligand  (TRAIL)  receptors  and 
suppresses  TRAIL-induced  apoptosis.  Its  expression,  like  the 
other  three  TRAIL  receptors  (i.e.,  DR4,  DR5,  and  DcRl),  is 
regulated  by  p53.  Here,  we  report  that  DcR2  is  a  p53  target 
gene  and  regulates  chemosensitivity.  In  this  study,  we 
identified  a  p53-binding  site  (p53RS)  in  the  first  intron  of 
the  DcR2  gene.  This  p53BS  is  almost  identical  to  the  ones 
found  in  the  first  introns  of  other  three  TRAIL  receptor  genes. 
By  a  chromatin  immunoprecipitation  assay,  we  detected  that 
the  p53  protein  bound  to  the  DcR2  p53BS  in  intact  cells. 
Subcloning  of  the  DcR2  p53BS  into  a  luciferase  reporter  vector 
driven  by  a  SV40  promoter  exhibited  enhanced  luciferase 
activity  when  transiently  cotransfected  with  a  wild-type  (wt) 
p53  expression  vector  in  p53-null  cell  lines  or  stimulated  with 
DNA-damaging  agents  in  cell  lines  having  wt  p53.  Moreover, 
when  the  DcR2  p53BS,  together  with  its  own  corresponding 
promoter  regions,  was  subcloned  into  a  basic  luciferase  vector 
without  a  promoter  element,  its  transcriptional  activities  were 
strikingly  increased  by  cotransfection  of  the  wt  p53  gene. 
However,  when  this  p53BS  was  deleted  from  the  construct,  wt 
p53  failed  to  transactivate  this  reporter  construct.  Collectively, 
we  conclude  that  p53  directly  regulates  the  DcR2  gene 
expression  via  an  intronic  p53BS.  In  addition,  overexpression 
of  DcR2  conferred  resistance  to  TRAIL-mediated  apoptosis 
and  attenuated  cell  response  to  DNA-damaging  agents, 
whereas  silencing  of  DcR2  expression  enhanced  chemothera¬ 
peutic  agent-induced  apoptosis.  These  results  suggest  that 
I)cR2  regulates  chemosensitivity.  (Cancer  Res  2005;  65(20):  9169-75) 

Introduction 

p53  is  the  most  commonly  altered  gene  in  human  cancer.  Thus, 
it  plays  a  crucial  role  in  protecting  organisms  from  developing 
cancer  (1).  Compared  with  many  normal  tissues,  aberrant  cells 
with  potentially  malignant  characteristics  are  highly  sensitive  to 
apoptotie  signals  and  survive  and  further  progress  to  malignancy 
only  when  they  have  acquired  lesions,  such  as  loss  of  p53,  that 
prevent  or  impede  cell  death  (2).  Therefore,  it  is  important  to 
understand  how  cancer  cells  become  resistant  to  apoptosis  to 
pursue  apoptosis-oriented  cancer  therapy.  In  fact,  the  most 
common  antiapoptotic  lesion  that  is  detected  in  cancers  is  the 
inactivation  of  the  p53  tumor  suppressor  pathway  (2).  It  is  well 
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known  that  activation  of  p53  (e.g.,  stress-induced  stabilization) 
leads  to  either  growth  arrest  or  induction  of  apoptosis  (3,  4).  The 
question  is  how  p53  contributes  to  the  activation  of  cell  death  and 
what  determines  whether  induction  of  p53  will  trigger  apoptosis. 

It  is  generally  accepted  that  p53  primarily  acts  as  a  transcription 
factor  and  induces  apoptosis  by  transcriptionally  modulating  the 
expression  of  its  proapoptotic  target  genes,  although  it  also  induces 
apoptosis  in  a  transcription-independent  fashion  (2-5).  It  is  also 
clear  that  most  functional  genes  regulated  by  p53  contain  classic 
p53-binding  sites  (p53BSs)  in  their  promoter  or  intronic  regions  (6). 
In  the  last  few  decades,  multiple  proapoptotic  genes  that  serve 
as  p53  target  genes  have  been  identified,  among  which  some 
encode  death  domain-containing  proteins  including  the  death 
receptors  Fas  and  DR5,  whereas  others  encode  mitochondria- 
related  proteins,  such  as  Bax,  Noxa,  Puma,  and  p53AIPl,  along  with 
others  having  known  or  speculated  roles  in  different  steps  of  the 
apoptotie  cascades  such  as  PIGs,  caspase-6,  Bid,  and  Apaf-1  (2-7). 
These  genes  may  contribute  to  p53-mediated  cell  death  under 
certain  conditions,  in  certain  specific  tissues,  or  in  different  cell 
types;  however,  no  single  target  gene  is  an  absolute  mediator  for 
p53-dependent  apoptotie  cell  death  (6,  7).  In  addition,  there  are 
increased  studies  showing  that  p53  also  transactivates  some  target 
genes  that  are  antiapoptotic,  such  as  heparin-binding  epidermal 
growth  factor  ( HB-EGF )  and  DcRl  (8-10).  The  roles  of  these 
antiapoptotic  genes  in  regulating  p53-dependent  apoptosis  are  less 
clear,  which  make  p53-mediated  apoptosis  even  more  complex. 

The  tumor  necrosis  factor-related  apoptosis-inducing  ligand 
(TRAIL;  also  called  APO-2L)  is  a  newly  identified  member  of  the 
tumor  necrosis  factor  family  with  great  therapeutic  potential  for 
cancer  treatment,  because  it  induces  apoptosis  in  a  wide  variety 
of  transformed  cells  but  does  not  seem  cytotoxic  to  normal  cells 
in  vitro  and  in  vivo  (11-13).  TRAIL  induces  apoptosis  by  interacting 
with  two  death  domain-containing  receptors:  DR4  (also  called 
TRAIL  receptor- 1)  and  DR5  (also  called  TRAIL  receptor  2  and 
Killer/DR5;  refs.  11,  12).  In  addition,  TRAIL  can  bind  to  two  decoy 
receptors  DcRl  (also  called  TRAIL-R3)  and  DcR2  (also  called 
TRAIL-R4).  The  former  does  not  contain  a  cytoplasmic  death 
domain,  whereas  the  latter  has  a  truncated  death  domain. 
Therefore,  both  DcRl  and  DcR2  can  compete  with  DR4  and  DR5 
for  TRAIL  binding  and  negatively  regulate  TRAIL-induced  apopto¬ 
sis  (11, 12).  Interestingly,  DcRl  and  DcR2  as  antiapoptotic  genes  are 
expressed  in  many  normal  tissues,  but  their  expressions  are 
frequently  lost  in  various  types  of  human  cancer  (11,  12). 

It  has  been  documented  that  all  the  four  TRAIL  receptors  are 
regulated  by  p53  (14).  Among  them,  DR5  is  the  first  to  be  shown 
that  its  transcription  is  directly  transactivated  by  p53  through  an 
intronic  sequence-specific  p53BS  (15,  16).  Very  recently,  we  and 
others  have  shown  that  p53  also  directly  regulates  the  expression  of 
both  DR4  and  DcRl  through  the  intronic  p53BSs  that  are  similar  to 
the  one  identified  in  the  DR5  gene  (10,  17).  However,  it  is 
undetermined  whether  DcR2  is  also  a  p53  target  gene. 
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It  is  known  that  the  genes  encoding  DR4,  DR5,  DcRl,  and  DcR2  are 
highly  homologous  and  map  together  to  a  tight  cluster  on  human 
chromosome  8p21-22,  suggesting  that  they  arose  from  a  common 
ancestral  gene  (6,  14).  Because  DR5,  DR4,  and  DcRl  are  directly 
regulated  by  p53  through  similar  p53BSs  existing  in  their 
corresponding  intronic  region,  we  speculated  that  DcR2  might  also 
be  regulated  by  p53  through  a  similar  intronic  p53BS.  In  this  study, 
we  compared  the  sequences  of  first  introns  of  these  four  genes  and 
identified  a  similar  p53BS  in  the  first  intron  of  the  DcR2  gene. 
Moreover,  we  have  proven  that  it  is  a  functional  p53BS  that  mediates 
p.53-dependent  regulation  of  DcR2.  In  addition,  we  studied  its  roles 
in  regulating  TRAIL-  and  DNA-damaging  agent-induced  apoptosis. 

Materials  and  Methods 

Reagents.  RPMI  1 610  with  glutamine  and  fetal  bovine  serum  were 
obtained  from  Sigma  Chemicals  (St.  Louis,  MO).  All  restriction  enzymes  and 
T  1  DNA  ligase  were  purchased  from  New  England  Biolabs  (Beverly,  MA). 
PCR  reagents  were  purchased  from  Invitrogen  (Carlsbad,  CA)  or  Eppendorf 
(Westbury,  NY).  iScript  cDNA  Synthesis  Kit  was  purchased  from  Bio-Rad 
Laboratories  (Hercules,  CA).  Etoposide  (VP-16),  doxorubicin,  and  other 
chemical  reagents  were  purchased  from  Sigma  Chemicals.  Human 
recombinant  TRAIL  was  purchased  from  PeproTech,  Inc.  (Rocky  Hill,  NJ). 

Cell  lines  and  cell  culture.  The  human  tumor  cell  lines  H1299  (p53 
null),  H35S  (p53  null),  H460  (wild-type  p53,  wt  p53),  and  MCF-7  (wt  p53) 
were  purchased  from  the  American  Type  Culture  CoEection  (Manassas,  VA). 
HCT1I6  (wt  p53)  and  HCT116  p53'~/_  ceU  lines  were  kindly  provided  by 
Dr.  B.  Vogelstein  (Johns  Hopkins  University  Medical  Institutions,  Baltimore, 
MD).  These  cell  lines  were  grown  in  monolayer  culture  in  RPMI  1640  with 
glutamine  or  McCoy’s  5A  medium  (HCT116)  supplemented  with  5%  fetal 
bovine  serum  at  37°C  in  a  humidified  atmosphere  consisting  of  5%  CCL 
and  95%  air. 

Western  blot  analysis.  Preparation  of  whole  cell  protein  lysates  and  the 
procedures  for  the  Western  blotting  were  described  previously  (IS).  Whole 
cell  protein  lysates  (50  pg)  were  electrophoresed  through  10%  or  12% 
denaturing  polyacrylamide  slab  gels  and  transferred  to  a  PROTRAN  pure 
nitrocellulose  transfer  membrane  (Schleicher  &  Schuell  BioScience,  Inc., 
Keene,  NH)  by  electroblotting.  The  blots  were  probed  or  reprobed  with  the 
antibodies  and  then  antibody  binding  was  detected  using  the  SuperSignai 
West  Pico  ChemEuminescent  Substrate  (Pierce  Biotechnology,  Inc.,  Rock¬ 
ford,  IL)  according  to  the  manufacturer's  protocol.  Mouse  monoclonal 
anti-p53  (Ab-6)  antibody  and  rabbit  polyclonal  anti-DcR2  antibody  were 
purchased  from  EMD  Bioscience,  Inc.  (La  Jolla,  CA)  and  Imgenex  (San 
Diego,  CA),  respectively.  Anti-V5  antibody  was  purchased  from  Invitrogen. 
Rabbit  polyclonal  anti-human  glyceraldchyde-3-phosphate  dehydrogenase 
antibody  was  purchased  from  Trevigen  (Gaithersburg,  MD). 

Adenoviral  infection.  H1299  or  H358  cells  were  infected  with  the 
adenovirus  carrying  wt  p53  (Ad5-CMV-hp53)  or  empty  vector  (Ad-CMV)  as 
described  previously  (17).  Ad5-CMV-hp53  and  Ad-CMV  were  purchased 
from  Qbiogene,  Inc.  (Carlsbad,  CA). 

Chromatin  immunoprecipitation  assay.  Chromatin  immunoprecipi- 

tation  assay  was  conducted  using  the  chromatin  immunoprecipitation 
assay  kit  purchased  from  Upstate  Biotechnology  (Lake  Placid,  NY) 
following  the  manufacturer’s  instruction  and  was  described  previously 
( 17).  The  following  specific  primers  for  DcRl  and  DcR2  were  used 
to  amplify  p53BS  from  genomic  DNA  immunoprecipitated  with  specific 
p53  antibody  in  the  chromatin  immunoprecipitation  assay:  DcRl  sense, 
5-CTCGAGAAGTTCGTCGTCGTCATCGT-3';  DcRl  antisense,  5'-GAGCT- 
CACCCAGTTCTTCCCCTGACT-3';  DcR2  sense,  5'-CTCGAGTTCTGCTGC- 
CGGTGAGTCT-3';  and  DcR2  antisense,  5'-GAGCTCCCACTCTTCCCC- 
TGACTC-  5'. 

Construction  of  reporter  plasmids.  The  196-  and  170-bp  DNA 
fragments  containing  intronic  p53BSs  of  DcRl  and  DcR2,  respectively, 
were  amplified  from  H1299  genomic  DNA  with  PCR  amplification  using  the 
primers  described  in  the  above  chromatin  immunoprecipitation  assay. 
These  fragments  were  then  subcloned  into  pGL3-Promoter  luciferase  vector 


(pGL3-P-luc;  Promega,  Madison  WI),  which  contains  an  SV40  promoter 
upstream  of  the  luciferase  gene,  through  Xho I  and  SacI  sites.  The 
corresponding  constructs  were  named  pP-DcRl/p53BS-Luc  and  pP-DcR2/ 
p53BS-Luc,  respectively.  In  addition,  a  1,443-bp  DNA  fragment  spanning  the 
DcR2  promoter,  first  exon,  and  partial  p53BS-containing  intron  region  and  a 
1,389-bp  fragment  spanning  only  the  DcR2  promoter,  first  exon,  and  partial 
intron  region  without  p53BS  were  amplified  by  PCR  with  the  following 
primers:  DcR2-BS-K/mI  sense,  5'-GGTACCCCTGCCATTGACCTTACTGCTT- 
3',  DcR2-BS(+)-Rg7II  antisense,  5'-AGATCTCACCCCACTCTTCCCCT- 
GACTCC-3';  and  DcR2-BS(-)-S^n  antisense,  5'-AGATCTGGCCGCAGGC- 
GACCCGGGCCAAG-3'.  These  fragments  were  then  cloned  into  a  pGL3- 
basic  vector,  which  has  no  promoter  (Promega),  using  Kpn  I  and  Bglll 
restriction  sites.  These  constructs  were  named  pB-DcR2/p53BS(+)-luc  and 
pB-DcR2/p53BS( — )-luc,  respectively. 

Construction  of  lentiviral  expression  vectors,  virus  preparation, 
and  cell  infection.  DcR2  cDNA  was  amplified  by  standard  reverse 
transcription-PCR  (RT-PCR)  from  RNA  extracted  from  normal  human 
bronchial  epithelia  cells  using  the  primers:  sense,  5'-GACTAGTATGG- 
GACTTTGGGGACAAAGCGTC-3'  and  antisense,  5'-CGGGCCCTCTAGACTC- 
GAGCCCTTCAGGCAGGACGTAGCAGAGCCTG-3'.  The  DcR2  cDNA  was 
then  cloned  into  a  pT-easy  vector  (Promega)  following  the  manufacturer’s 
protocol  as  pT-easy-DcR2.  Both  pLenti-DcRl  (a  lentiviral  vector  harboring 
DcRl,  which  was  constructed  using  the  pLenti6/V5  Directional  TOPO 
Cloning  kit  purchased  from  Invitrogen)  and  pT-easy-DcR2  were  cut  with 
Spel  and  Apal.  The  released  fragment  containing  DcR2  cDNA  was  then 
cloned  into  the  digested  pLenti6/V5  vector  and  the  resultant  construct  was 
named  pLenti-DcR2.  In  this  study,  we  used  pLenti-Lac  Z  as  a  vector  control, 
which  was  included  in  the  pLenti6/V5  Directional  TOPO  Cloning  kit. 

Lentiviruses  were  produced  using  ViraPower  Lentiviral  Expression 
System  (Invitrogen)  according  to  the  manufacturer’s  directions.  The 
supernatants  containing  lentiviral  particles  were  filtered  with  MILLEX-HV 
Syringe  Driven  Filter  Unit  (Millipore,  Billerica,  MA)  and  followed  by  a 
concentration  using  Amicon  Ultra  Centrifugal  Filter  Devices  (Millipore). 
The  viral  titers  were  determined  following  manufacturer’s  manual.  For 
infection,  the  viruses  were  added  to  the  ceEs  at  the  multiplicity  of  infection 
of  10  with  10  pg/mL  polybrene.  For  transient  expression,  cells  were  infected 
and  then  selected  in  the  presence  of  50  pg/mL  blasticidin,  24  hours  after 
infection.  After  8  days,  the  cells  were  subjected  to  the  given  experiments. 

Transient  transfection  and  reporter  activity  assay.  The  information 
about  the  plasmids  used  in  this  study,  including  a  p53-luc  reporter 
plasmid,  a  pCHllO  plasmid  encoding  (3-galactosidase,  pCMV-p53,  and 
pCMV-p53mtl35  expression  vectors,  the  purification  and  transfection  of 
these  plasmids,  and  luciferase  activity  assay,  were  described  in  detail 
previously  (17). 

Detection  of  DcR2  mRNA  expression.  DcR2  mRNA  was  detected  using 
RT-PCR  described  as  follows.  Total  cellular  RNA  was  isolated  from  cells 
using  TRIzol  reagent  (Invitrogen)  as  instructed  by  the  manufacturer.  cDNA 
was  synthesized  using  iScript  cDNA  Synthesis  Kit  (Bio-Rad  Laboratories) 
following  the  manufacturer’s  instructions.  cDNA  was  then  amplified  by  PCR 
using  the  foUowing  primers:  DcR2  sense,  5'-CCTGTACCACGACCAGAGA- 
CAC-3';  DcR2  antisense,  5'-GAACTCGTGAAGGACATGAACG-3';  (3-actin 
sense,  5'-GAAACTACCTTCAACTCCATC-3';  and  [i-actin  antisense,  5'-CTA- 
GAAGCATTTGCGGTGGACGATGGAGGGGCC-5'.  The  25-pL  amplification 
mixture  contained  1  pL  of  cDNA,  0.5  pL  of  deoxynucleotide  triphosphate 
(25  mmol/L  each),  1  pL  each  of  the  sense  and  antisense  primers  (20  pmol/L 
each),  5  pL  of  TaqMaster  PCR  enhancer,  1  pL  of  Taq  DNA  polymerase 
(5  units/pL;  Eppendorf),  2.5  pL  10  x  reaction  buffer,  and  sterile  H20.  PCR 
was  done  for  26  cycles.  After  an  initial  step  at  95°C  for  3  minutes,  each  cycle 
consisted  of  45  seconds  of  denaturation  at  94°C,  45  seconds  of  annealing  at 
58°C,  and  1  minute  of  extension  at  72°C.  This  was  followed  by  an  additional 
extension  step  at  72°C  for  7  minutes.  The  housekeeping  gene  jS-actin  was 
also  amplified  as  an  internal  reference.  PCR  products  were  resolved  by 
electrophoresis  on  a  1.5%  agarose  gel,  stained,  and  directly  visualized  under 
UV  illumination. 

Silencing  of  DcR2  expression  using  small  interfering  RNA.  Stealth 
DcR2  small  interfering  RNA  (siRNA)  that  targets  sequence  of  5'-CCAA- 
GATCCTTAAGTTCGTCGTCTT-3'  and  Stealth  control  siRNA  that  targets 
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sequence  of  5'-CCTACCAGGGAATTTAAGAGTGTAT-3'  were  synthesized  by 
Invitrogeri.  t  he  transfection  of  siKNA  was  conducted  in  a  24-well  plate 
using  LipofectAMINE  2000  (Invitrogen)  following  the  manufacturer’s 
instructions.  We  transfected  the  same  cells  twice  with  the  same  siRNA 
with  a  48-hour  interval  in  between  the  two  transfections  as  described 
previously  (19).  Twenty-four  hours  after  the  second  transfection,  cells 
were  replated  in  fresh  medium  and  treated  on  the  second  day  with 
chemotherapeutic  agents  as  indicated.  The  gene-silencing  effect  was 
evaluated  by  RT-PCR  and  apoptosis  was  measured  by  a  Cell  Death 
Detection  ELISA1’1"5  kit  as  described  below. 

Cell  survival  assay.  Cells  were  seeded  in  96-well  cell  culture  plates  and 
treated  on  the  second  day  with  the  indicated  agents.  At  the  end  of 
treatment,  cell  number  was  estimated  by  the  sulforhodamine  B  assay  as 
previously  described  (20). 

Detection  of  apoptosis.  Apoptosis  was  evaluated  either  by  Annexin  V 
staining  using  Annexin  V-PE  apoptosis  detection  kit  purchased  from  BD 
Bioscience  (San  Jose,  CA),  or  by  a  Cell  Death  Detection  ELlSAplui  kit 
purchased  from  Roche  Molecular  Biochemicals  (Indianapolis,  IN),  following 
the  manufacturer's  instructions. 

Statistical  analysis.  Cell  survival  and  apoptosis  (i.e.,  DNA  fragmenta¬ 
tion)  between  two  groups  were  analyzed  with  two-sided  unpaired  Student’s 
I  lesf.s  by  use  of  Graphpad  InStat  3  software  (GraphPad  Software,  Inc., 
San  Diego,  CA).  In  all  analyses,  results  were  considered  to  be  statistically 
significant  at  P  <  0.05. 

Results 

Overexpression  of  p53  increases  DeR2  expression  in  p53- 
null  cancer  cells.  Up-regulation  of  DcR2  expression  by  53  has  been 
shown  previously  by  Meng  et  al.  (21).  In  this  study,  we  also 
examined  the  effect  of  p53  overexpression  via  adenoviral  infection 


on  the  expression  of  DcR2  in  p53-null  lung  cancer  cell  lines.  As 
shown  in  Fig.  L4,  Ad-p53  infection  resulted  in  increased  expression 
of  DcR2  in  both  H358  and  H1299  cell  lines  evaluated  by  Western 
blot  analysis.  Thus,  this  result  confirms  the  previous  finding  that 
DcR2  is  indeed  a  p53-regulated  gene  (21). 

Sequence-based  identification  of  a  putative  p53BS  in  the 
first  intron  of  the  DcR2  gene.  By  comparing  the  first  intron 
sequences  of  the  four  TRAIL  receptor  genes,  we  identified  a  similar 
p53BS  (DcR2-p53BS)  in  the  first  intron  of  the  DcR2  gene.  This 
p53BS  is  almost  identical  to  the  ones  reported  within  the  first 
introns  of  DR4,  DR5,  and  DcRl  genes  (refs.  10,  16,  17;  Fig.  IB). 
DcR2-p53BS  shares  85%  homology  with  the  p53  consensus  DNA- 
binding  sequence  (22).  Among  the  p53BSs  of  the  four  TRAIL 
receptors,  their  sequences  are  at  least  80%  identical  (Fig.  IB). 
Moreover,  DcR2-p53BS  and  other  receptor  p53BSs  are  close  to  the 
boundary  of  first  exon/intron  and  are  only  107  to  109  bp  away  from 
the  boundary  (Fig.  IB),  indicating  that  they  are  very  close  to  their 
promoter  regulatory  regions.  Considering  the  identical  locations 
and  similar  sequences  between  DcR2-p53Bs  and  other  receptor 
p53BSs,  we  speculate  that  the  DcR2-p53BS  is  very  likely  to  be 
functional  and  to  mediate  transcriptional  regulation  of  the  DcR2 
gene  expression  by  p53. 

Detection  of  DcR2-p53BS  bound  to  p53  in  intact  cells  using 
a  chromatin  immunoprecipitation  assay.  To  determine  whether 
p53  actually  binds  to  DcR2-p53BS  in  cells  on  p53  activation,  we  did 
the  chromatin  immunoprecipitation  assay  to  detect  formation  of 
DcR2-p53BS-binding  complex  with  p53  in  both  H358  and  H1299 
p 53-null  cell  lines  infected  with  Ad-CMV-hp53.  As  a  control,  we  also 
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Figure  1.  Up-regulation  of  DcR2  expression  by  p53  overexpression  in  p53-nuil  cancer  cells  (A),  identification  of  the  putative  DcR2-p5BS  (B),  and  detection  of 
DcR2-p53BS  bound  to  p53  in  intact  cells  upon  p53  activation  (C).  A,  HI  299  or  H358  cells  were  infected  on  the  second  day  after  seeding  with  adenovirus  carrying 
an  empty  vector  (Ad-CMV)  or  wt  p53  gene  (Ad-p53).  After  24  hours,  cells  were  harvested  for  preparation  of  whole  cell  protein  lysates.  Western  blot  analysis  was  done  to 
detect  the  expression  of  p53,  DcR2,  and  glyceraldehyde-3-phosphate  dehydrogenase  ( GAPDH )  using  antibodies  against  them.  B,  DcR2-p53BS  is  85%  identical  to 
the  classic  p53BS  that  is  defined  as  two  copies  of  the  1 0-bp  motif  5'-PuPuPuC(A/T)(T/A)GPyPyPy-3'  separated  by  0  to  1 3  bp  (22),  where  Pu  represents  purine  and  Py 
represents  pyrimidine.  In  addition,  DcR2-p53BS  shares  >90%  sequence  homology  with  the  other  three  TRAIL  receptors.  C,  H358  and  Hi  299  p53-null  cell  lines 
were  infected  with  Ad5-CMV-hp53  for  24  hours  and  subjected  to  chromatin  immunoprecipitation  assay  as  described  in  Materials  and  Methods.  DcR1-p53BS  here  was 
detected  as  a  known  sequence  bound  to  p53  when  p53  is  activated.  The  amplified  DNA  fragments  for  DcRl  and  DcR2  by  PCR  were  196  and  170  bp, 
respectively.  p53Ab,  p53  antibody;  lgG2aAb,  isotype  antibody. 
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detected  DcRl  p53BS  bound  to  p53.  As  shown  in  Fig.  1C,  we 
detected  DNA  fragments  containing  DcR2-p53BS  and  DcRl-p53BS, 
respectively,  from  genomic  DNA  precipitated  with  p53-specific 
antibody  but  not  from  that  pulled  down  with  a  control  IgG2a 
isotype  antibody  in  either  cell  line.  This  result  clearly  indicates  that 
p53  protein  binds  to  DcR2-p53BS  as  it  does  to  DcRl-p53BS  in 
intact:  cells  upon  p53  activation,  indicating  that  DcR2-p53BS  is  a 
functional  response  element. 

Reporter  construct  carrying  DcR2-p53BS  exhibits  increased 
transcriptional  activity  in  response  to  p53  overexpression  or 
treatment  with  DNA-damaging  agents.  To  examine  whether 
DcR2-p53BS  is  functional  in  mediating  p53-dependent  up-regulation 
of  the  DcR2  gene,  we  amplified  - 170-  and  196-bp  intronic 
fragments  carrying  DcR2-p53BS  and  DcRl-p53BS,  respectively,  and 
cloned  each  of  fragment  into  a  pGL3-promoter  luciferase  vector 
upstream  of  minimal  SV40  promoter  (Fig.  2A).  In  this  study,  we 
used  DcRl-p53BS,  which  is  more  related  to  DcR2  and  known  to  be 
functional  p53BS  (10),  as  a  positive  control  for  comparison.  When 
the  individual  reporter  construct  was  transiently  cotransfected  with 
empty'  pCMV,  pCMV-p53,  or  pCMV-p53mtl35  vector  into  H1299 
p53-null  cells,  we  found  that  transfection  of  pCMV-p53  but  not 
pCMV  or  pCMV-p53mtl35  increased  the  luciferase  activity  of 
the  reporter  plasmid  carrying  either  DcR2-p53B  or  DcRl-p53BS 
(Fig.  2 B).  The  expression  of  p53  and  p53mtl35  after  transient 
transfection  in  H1299  cells  has  been  shown  in  our  previous  study 
(17).  Therefore,  our  data  indicate  that  overexpression  of  p53 
enhances  transcriptional  activity  of  the  reporter  plasmid  carrying 


either  DcR2-p53BS  or  DcRl-p53BS.  Similar  results  were  also 
observed  when  we  cotransfected  these  plasmids  into  H358  p53- 
null  cells  (data  not  shown).  Moreover,  we  examined  the  effects  of 
activation  of  endogenous  p53  on  transactivation  of  these  reporter 
vectors  by  treating  wt  p53-containing  cancer  cells  with  DNA- 
damaging  agents.  In  MCF-7  cells,  both  VP-16  and  doxorubicin  that 
are  known  to  increase  p53  levels  (17)  failed  to  increase  luciferase 
activity  of  empty  pGL3-P-luc  lacking  any  p53BS.  However,  they 
increased  transcriptional  activities  by  >2-fold  (VP-16)  or  3-fold 
(doxorubicin)  of  the  pGL3-P-luc  reporter  vector  carrying  DcRl- 
p53BS  or  DcR2-p53BS  (Fig.  2C).  We  noted  that  the  reporter  vector 
carrying  DcR2-p53BS  exhibited  a  greater  increase  of  luciferase 
activity  than  the  reporter  plasmid  carrying  DcRl-p53BS  in  response 
to  activation  of  endogenous  p53  induced  by  either  VP- 16  or 
doxorubicin,  although  the  increase  of  luciferase  activity  was  much 
greater  in  the  reporter  vector  carrying  DcRl-p53BS  than  in  the 
reporter  plasmid  harboring  DcR2-p53BS  when  stimulated  with 
overexpression  of  an  exogenous  p53  (Fig.  2 B  and  C).  Collectively, 
these  results  suggest  that  DcR2-p53BS,  like  DcRl-p53BS,  is 
functional  to  mediate  p53-induced  gene  transactivation. 

The  intronic  DcR2-p53BS  is  required  for  driving  p53- 
mediated  transactivation  of  DcR2  promoter.  The  aforemen¬ 
tioned  results  clearly  indicate  that  p53  protein  binds  to  the  intronic 
DcR2-p53BS  in  cells  and  confers  p53  responsiveness  when  located 
upstream  of  a  promoter  (i.e„  SV40)  in  a  promoter-containing 
reporter  vector  (i.e.,  pGL3-P-luc).  We  next  wanted  to  know  whether 
DcR2-p53BS  could  also  mediate  p53-dependent  transcriptional 
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Figure  2.  DcR2-p53BS  is  required  for  p53-dependent 
transactivation  of  DcR2  promoter.  A,  diagram  illustrating 
cloning  of  DNA  fragments  containing  DcR1-p53BS  and 
DcR2-p53BS,  respectively,  into  the  pGL3-P-luc  reporter 
vector.  The  DNA  fragments  containing  DcR1-p53BS  and 
DcR2-p53BS,  respectively,  were  PCR  amplified  and 
cloned  into  pGL3-P-luc  reported  vector  upstream  of  the 
SV40  promoter.  Black  boxes,  partial  exon  1  sequences. 

B,  comparison  of  the  activities  of  the  reporter  constructs  (A)  in 
response  to  p53  overexpression.  The  indicated  reporter  vector 
together  with  pCMV,  pCMV-p53,  or  pCMV-p53mt135  and 
pCHIIO  |3-galactosidase  expression  plasmids  was 
cotransfected  into  HI  299  cells  using  the  FuGene  6  transfection 
reagent.  After  24  hours,  cells  were  harvested  and  subjected 
to  a  luciferase  activity  assay.  C,  comparison  of  the  activities  of 
the  reporter  constructs  (A)  in  response  to  treatment  with 
DNA-damaging  agents.  MCF-7  cells  transfected  with  the 
indicated  reporter  vector  and  |3-galactosidase  expression 
plasmid  using  the  FuGene  6  transfection  reagent  for  IS  hours 
were  treated  with  10  umol/L  VP-16  or  1  umol/L  doxorubicin 
(DXR).  After  8  hours,  the  cells  were  harvested  and  subjected  to 
the  luciferase  activity  assay.  Column,  means  of  triplicate 
treatments;  bars,  ±SD.  D,  diagram  illustrating  generation  of  a 
reporter  vector  that  harbors  a  piece  of  natural  DcR2  genomic 
sequence  with  DcR2  promoter  region,  exon  1 ,  and  partial  intron 
1  containing  the  DcR2-p53BS  (pB-DcR2/p53BS-luc)  and  a 
corresponding  construct  lacking  DcR2-p53BS  [pB-DcR2/ 
p53BS( — )-luc].  These  DcR2  genomic  fragments  were  PCR 
amplified  and  cloned  into  a  pGL-3  basic  luciferase  vector  as 
described  in  Materials  and  Methods.  E,  comparison  of  the 
activities  of  the  reporter  constructs  (D)  in  response  to  p53 
overexpression.  The  indicated  reporter  vector  together  with 
pCMV,  pCMV-p53,  or  pCMV-p53mt135  and  pCHIIO 
(3-galactosidase  expression  plasmids  were  cotransfected  into 
HI 299  cells  using  the  FuGene  6  transfection  reagent.  After  24 
hours,  cells  were  harvested  and  subjected  to  luciferase  activity 
assay.  Columns,  means  of  triplicate  treatments;  bars,  ±SD. 
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Figure  3.  Lentivirus-mediated  expression 
of  exogenous  DcR2  (A)  and  its  effects 
on  decrease  of  ceil  survival  induced  by 
TRAIL  IB),  doxorubicin  ( DXR ,  D),  and 
VP-16  (E),  respectively,  and  on  induction 
of  apoptosis  by  TRAIL  and  VP-16, 
respectively  (C).  H460  cells  were  infected 
with  10  multiplicity  of  infection  of 
lentiviruses  harboring  Lac  Z  and  DcR2, 
respectively.  Twenty-four  hours  later,  the 
cells  were  subjected  to  blasticidin  selection 
(50  jig/mL).  After  8  days,  the  cells  were 
then  subjected  to  the  given  experiments. 
The  expression  of  DcR2  was  detected  by 
Western  biot  analysis  using  DcR2  and  V5 
antibody,  respectively  (A).  Cell  survival 
was  estimated  using  the  sulforhodamine  B 
assay  after  the  cells  were  exposed  to  the 
indicated  concentrations  of  TRAIL  (B), 
doxorubicin  (D),  and  VP-16  ( E ), 
respectively,  for  24  hours.  Apoptosis  was 
measured  using  Annexin  V  staining  after 
the  cells  were  treated  with  20  ng/mL  TRAIL 
or  25  pmol/L  VP-16  for  24  hours  (C). 
Points ,  means  of  four  replicates;  bars, 
±SD.  P  <  0.001,  compared  with  each 
corresponding  control  treatment  with 
two-sided  unpaired  Student’s  t  tests. 


activity  of  its  own  gene  promoter  when  located  at  a  natural 
position  relative  to  the  promoter  in  its  genomic  locus.  To  do  this, 
we  amplified  a  1,443-bp  DcR2  genomic  DNA  fragment  consisting  of 
the  948-bp  promoter  region,  a  232-bp  exon  1,  and  a  263-bp 
fragment  of  the  first  intron  harboring  the  DcR2-p53BS  and  an 
identical  l, 389-bp  DcR2  genomic  DNA  fragment  lacking  only  54  bp 
with  the  DcR2-p53BS,  respectively.  By  cloning  these  fragments  into 
the  pGL3-B-luc  vector,  we  generated  luciferase  reporter  constructs 
with  and  without  DcR2-p53BS.  These  constructs  were  named 
pB-DcR2,  p53BS(+)-luc  and  pB-DR4/p53BS(-)-luc,  respectively 
(Fig.  2D).  When  each  of  the  aforementioned  reporter  plasmids 
together  with  the  expression  vector  carrying  no  p53,  a  wt  p53,  or  a 
mutant  p53  gene  were  cotransfected  into  H1299  cells,  we  found  that 
the  wl  p53  but  not  mutant  p53  increased  transcriptional  activity  of 
pB-DcR2/p53BS(+)  by  >  13-fold.  In  contrast,  p53  completely  lost  its 
ability  to  increase  transcriptional  activity  of  the  reporter  vector 
with  deleted  DcR2-p53BS  (pB-DcR2/p53BS(-)-luc;  Fig.  2 E).  This 
result  clearly  indicates  that  the  intronic  DcR2-p53BS  is  essential 
for  p53-mediated  transactivation  of  the  DcR2  gene. 

Overexpression  of  DcR2  confers  resistance  to  chemothera¬ 
peutic  agents.  Other  than  its  inhibitory  function  in  negatively 
regulating  TRAIL-induced  apoptosis,  the  role  of  DcR2  in  drug- 
induced  apoptosis  is  largely  unknown.  Therefore,  we  examined  the 
effect  of  DcR2  overexpression  on  apoptosis  induction  by  chemo¬ 
therapeutic  agents  in  human  cancer  cells.  Infection  of  H460  lung 
cancer  cells  with  lentiviruses  carrying  the  DcR2  gene  resulted  in 
successful  DcR2  expression  evaluated  by  Western  blot  analysis  using 
both  V5  and  DcR2  antibodies  (Fig.  3 A).  Overexpression  of  DcR2  has 
been  shown  to  inhibit  TRAIL-induced  apoptosis  (21,  23-25).  To 
assure  the  normal  function  of  DcR2  expression  in  our  cell  system, 
we  first  determined  whether  cells  infected  with  DcR2  lentiviruses 
were  resistant  to  TRAIL  treatment.  Indeed,  TRAIL  effectively 
decreased  the  survival  of  cells  infected  with  control  lentiviruses 
carrying  the  Lac  Z  gene  in  a  dose-dependent  manner.  In  contrast, 
cells  infected  with  lentiviruses  harboring  DcR2  were  insensitive  to 
TRAIL  treatment.  For  example,  TRAIL,  at  50  ng/mL,  rapidly 


decreased  cell  survival  by  >85%  in  cells  infected  with  Lac  Z 
lentiviruses,  but  only  by  20%  in  cells  infected  with  DcR2  lentiviruses 
(Fig.  3 B).  Moreover,  TRAIL  treatment  induced  73%  cells  infected 
with  Lac  Z  lentiviruses  undergoing  apoptosis,  whereas  it  caused 
only  32%  cells  infected  with  DcR2  lentiviruses  to  die  of  apoptosis 
when  evaluated  using  Annexin  V  staining  (Fig.  3C).  These  results 
indicate  that  DcR2  expression  in  our  system  indeed  confers  cell 
resistance  to  TRAIL-induced  apoptosis  and  thereby  is  functionally 
active. 

Following  these  experiments,  we  examined  the  effects  of  DcR2 
overexpression  on  cell  responses  to  the  chemotherapeutic  agents 
doxorubicin  and  VP-16.  Compared  with  control  Lac  Z  lentivirus- 
infected  cells,  cells  expressing  DcR2  were  significantly  less  sensitive 
to  either  doxorubicin  (Fig.  3D;  P  <  0.001)  or  VP-16  (Fig.  3fs;  P  < 
0.001)  by  measuring  overall  cell  survival.  Moreover,  following  VP-16 
treatment,  we  detected  about  48%  apoptotic  cells  from  cells 
infected  with  control  Lac  Z  lentiviruses,  but  only  about  25% 
apoptotic  cells  from  cells  infected  with  DcR2  lentiviruses  (Fig.  3C). 
Collectively,  these  results  indicate  that  the  enforced  DcR2 
expression  reduces  cell  sensitivity  to  chemotherapeutic  agents 
and  thus  affects  chemosensitivity. 

Silencing  of  DcR2  expression  enhances  chemotherapeutic 
agent-induced  apoptosis.  To  further  show  the  relationship 
between  DcR2  expression  and  chemosensitivity,  we  determined 
whether  manipulation  of  endogenous  levels  of  DcR2-affected  cell 
responses  to  chemotherapeutic  agents.  Meng  et  al.  (21)  reported 
that  the  chemotherapeutic  agent  doxorubicin  induced  p53- 
dependent  expression  of  DcR2  in  human  cancer  cells.  We  found 
that  both  doxorubicin  and  VP- 16  increased  DcR2  expression  in 
HCT116  (p53+/+)  cells  but  not  in  p53  knockout  HCT116  (p53w~) 
cells,  although  they  had  higher  basal  levels  of  DcR2  than  did 
HCT116  (p53+/+;  Fig.  4 A).  Thus,  our  results  confirmed  p53- 
dependent  up-regulation  of  endogenous  DcR2  expression  by 
chemotherapeutic  agents.  Transfection  of  the  DcR2  siRNA  but 
not  the  control  siRNA  into  HCT116  cells  substantially  decreased 
basal  levels  of  DcR2  expression  and  prevented  DcR2  up-regulation 
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Figure  4.  p53-dependent  modulation  of  endogenous  DcR2 
expression  by  chemotherapeutic  agents  (A)  and  the  effects  of 
silencing  DcR2  expression  on  chemotherapeutic  agent-induced 
apoptosis  (B  and  C).  A,  the  indicated  cell  lines  were  treated  with 
50  pmol/L  VP-16  or  0.5  pmol/L  doxorubicin  (DXR)  for  24  hours  and 
subjected  to  RNA  extraction.  DcR2  mRNA  levels  were  detected 
using  RT-PCR  as  described  in  Materials  and  Methods.  B  and  C, 
HCT1 16  cells  were  transfected  twice  with  control  (Ctrl)  or  DcR2 
siRNA  in  a  48-hour  interval  as  described  in  Materials  and  Methods. 
Forty  hours  later  after  the  second  transfection,  cells  were  treated 
with  50  nmol/L  VP-16  or  1  nmol/L  doxorubicin  (DXR).  After  24 
hours,  the  cells  were  subjected  to  RNA  extraction  and  subsequent 
detection  of  DcR2  expression  by  RT-PCR  (B).  In  addition,  the 
cells  were  subjected  to  estimation  of  DNA  fragmentation  using  the 
Cell  Death  Detection  ELISA  kit  (C).  Columns,  mean  of  triplicate 
treatments;  bars,  ±SD.  The  statistical  differences  between  the  two 
treatments  were  analyzed  by  two-sided  unpaired  Student’s  f  tests. 


by  chemotherapeutic  agents  (Fig.  4 B).  In  the  control  siRNA- 
transfected  HCT1 16  cells,  the  amounts  of  DNA  fragments  were  only 
slightly  increased  upon  treatment  with  VP-16  or  doxorubicin.  In 
contrast,  in  the  DcR2  siRNA-transfected  HCT116  cells,  the  basal 
levels  of  DNA  fragmentation  were  significantly  increased  ( P  < 
0.001).  When  treated  with  VP-16  or  doxorubicin,  the  amounts  of 
DNA  fragments  were  further  significantly  increased  (P  <  0.001; 
Fig.  4 C).  Thus,  these  results  indicate  that  prevention  or  blockage  of 
endogenous  DcR2  up-regulation  sensitizes  cells  to  chemothera¬ 
peutic  agent-induced  apoptosis,  furthering  the  notion  that  DcR2 
regulates  chemosensitivity. 

Discussion 

p53-dependent  up-regulation  of  DcR2  expression  has  been 
shown  previously  (21).  However,  the  mechanism  underlying  p53- 
dependent  regulation  of  DcR2  is  unknown.  In  the  present  study,  we 
identified  a  putative  p53BS  in  the  first  intron  of  the  DcR2  gene. 
This  p53BS  is  almost  identical  to  those  found  in  the  first  introns  of 
DR5,  DR4,  and  DcRl  in  terms  of  their  sequences  and  locations.  p53 
overexpression  or  treatment  with  DNA-damaging  agents  enhanced 
transcriptional  activity  of  the  luciferase  reporter  construct  carrying 
the  DcR2-p53BS  upstream  of  the  SV40  promoter,  indicating  that 
this  inlronic  p53BS  is  active  for  p53-dependent  transactivation  of 
the  Dc.R2  gene.  Furthermore,  the  reporter  construct  carrying  the 
fragment  consisting  of  the  endogenous  promoter  region,  exon  1, 
and  partial  first  intron  region  with  DcR2-p53BS  exhibited  increased 
transcriptional  activity  upon  p53  activation.  However,  its  corres¬ 
ponding  construct  lacking  DcR2-p53BS  did  not  show  any  response 
to  the  same  stimulus.  This  result  further  indicates  that  the  DcR2- 
p53BS  is  essential  for  p53-mediated  transactivation  of  the  DcR2 
gene.  Using  a  chromatin  immunoprecipitation  assay,  we  were  able 
to  detect  the  DNA  fragment  containing  DcR2-p53BS  from  DNA/ 
protein  complex  precipitated  only  with  p53-specific  antibody  in 
Ad-p53-infected  p53-null  cell  lines,  indicating  that  the  DcR2-p53BS 
binds  to  p53  in  intact  cells  upon  p53  activation.  Taken  together,  we 
conclude  that  p53  directly  regulates  transcription  of  the  DcR2  gene 
via  an  intronic  p53BS. 


It  has  been  noted  that  the  genes  encoding  DR4,  DR5,  DcRl,  and 
DcR2  are  highly  homologous  and  map  together  to  a  tight  cluster  on 
human  chromosome  8p21-22,  suggesting  that  they  arose  from  a 
common  ancestral  gene  (6,  14).  The  current  study  together  with 
others  (10,  16, 17)  have  shown  that  the  four  TRAIL  receptors  are  all 
p53  target  genes  and  their  expression  is  regulated  by  p53  through 
similar  intronic  p53BSs.  By  comparing  the  sequences  and  locations 
of  these  p53BSs,  we  found  that  they  share  high  homology  (>90%) 
and  locate  at  almost  the  same  positions  that  are  only  107  bp 
(DcRl),  108  bp  (DR4),  or  109  bp  (DR5  and  DcR2)  away  from  the 
exon  1  and  intron  1  boundaries  (Fig.  1).  Thus,  it  seems  that  these 
p53BSs  are  well  conserved  during  evolution. 

It  is  clear  that  the  four  TRAIL  receptors  are  critical  for  regulating 
TRAlL-induced  apoptosis  (11-13).  Indeed,  overexpression  of  DcR2 
in  our  cell  system  protected  cells  from  TRAIL-induced  apoptosis  as 
shown  previously  (21,  23-25).  However,  the  biological  significance 
of  DcR2  as  well  as  other  TRAIL  receptors  as  p53  target  genes  in 
regulation  of  p53-dependent  apoptosis  remains  unclear.  The  only 
study  dealing  with  this  issue  by  Meng  et  al.  (21)  showed  that 
overexpression  of  DcR2  delays  p53-induced  apoptosis  in  human 
colon  cancer  cells.  In  our  current  study,  we  found  that  over¬ 
expression  of  DcR2  in  a  human  lung  cancer  cell  fine  with  wt  p53 
partially  protected  cells  from  induction  of  apoptosis  by  some 
chemotherapeutic  agents.  Although  we  used  lentivirus  to  deliver 
DcR2  expression  in  our  cell  system,  the  infection  or  expression 
efficiency  in  this  particular  cell  fine  was  still  <50%.  The  brief 
selection  using  blasticidin  (8  days)  after  infection  theoretically 
eliminates  most  cells  that  do  not  express  DcR2,  but  there  might  be 
still  significant  portions  of  surviving  cells  that  did  not  express  DcR2 
well.  Therefore,  the  protection  of  DcRl  on  chemotherapeutic 
agent-induced  apoptosis  may  be  underestimated.  Nevertheless, 
our  current  results  suggest  that  DcRl  expression  levels  may  affect 
chemosensitivity.  If  high  levels  of  DcR2  expression  confer 
cell  resistance  to  chemotherapeutic  agents,  down-regulation  of 
DcR2  expression,  or  prevention  of  DcR2  up-regulation  during 
chemotherapy  should  sensitize  cells  to  chemotherapy.  In  this 
study,  we  found  that  prevention  of  DcRl  up-regulation  using 
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siRNA-mediated  gene  silencing  indeed  enhanced  chemotherapeu¬ 
tic  agent-induced  apoptosis.  Thus,  this  result  further  supports  the 
notion  that  DcR2  regulates  chemosensitivity. 

In  contrast  to  DR4  and  DR5  that  are  expressed  widely  in  both 
normal  and  malignant  cells,  DcR2  as  well  as  DcRl  are  expressed 
preferentially  in  many  normal  tissues  (11),  and  their  expression  is 
often  silenced  or  down-regulated  due  to  promoter  hypermethyla- 
Lion  in  multiple  cancer  types,  including  neuroblastoma,  malignant 
mesothelioma,  breast  cancers,  and  lung  cancers  (26,  27),  although 
they  are  generally  considered  as  antiapoptotic  genes  (11-13). 
Currently,  it  is  unknown  why  DcRl  and  DcR2  but  not  DR4  and  DR5 
are  frequently  down-regulated  in  cancer  cells.  This  raises  a  relevant 
question  as  to  the  normal  function  and  importance  of  DcR2  as  well 
as  DcRl  in  homeostasis  and  carcinogenesis.  It  seems  that  this 
needs  to  be  further  investigated  in  the  future.  Nevertheless,  the 
down-regulation  of  DcRl  and  DcR2  expression  in  cancer  cells  may 
present  an  opportunity  for  TRAIL-based  cancer  therapy. 


In  summary,  this  report  provides  compelling  evidence  showing 
that  DcR2  is  a  p53  target  gene,  which  is  regulated  by  p53 
through  an  intronic  p53BS.  In  addition,  we  also  suggest  that 
DcR2  regulates  chemosensitivity.  Currently,  the  biological  signif¬ 
icance  of  DcR2  in  p53-regulated  apoptosis  and  carcinogenesis 
has  not  been  elucidated. 
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Abstract 

We  evaluated  the  contribution  of  three  genetic  alterations  (p53  knockdown,  mutant  K-RAS  , 
and  mutant  EGFR)  to  lung  tumorigenesis  using  human  bronchial  epithelial  cells  (HBECs) 
already  immortalized  with  telomerase  and  cdk4  mediated  pi  6  bypass.  RNAi  mediated  p53 
knockdown  or  ectopic  expression  of  oncogenic  K-RASvn  resulted  in  enhanced  anchorage- 
independent  growth  and  increased  saturation  density  of  HBECs  in  confluent  cultures.  The 
combination  of  p53  knockdown  and  K-RASV12  further  enhanced  the  tumorigenic  phenotype  with 
increased  growth  in  soft  agar  and  an  invasive  phenotype  in  three-  dimensional  organotypic 
cultures  but  failed  to  cause  the  HBECs  cells  to  form  tumors  in  nude  mice.  Growth  of  HBECs 
was  highly  dependent  on  epidermal  growth  factor  (EGF)  and  was  completely  inhibited  by 
epidermal  growth  factor  receptor  (EGFR)  directed  tyrosine  kinase  inhibitors  (TKIs)  which 
induced  G1  arrest.  Introduction  of  two  common  types  of  EGFR  mutations  (E746-A750  del  and 
L858R)  progressed  HBECs  toward  malignancy  as  measured  by  anchorage-independent  growth, 
including  EGF  independent  growth  but  failed  to  induce  tumor  formation.  Mutant  EGFRs  were 
associated  with  higher  levels  of  p-Akt,  p-STAT3  (but  not  p-ERKl/2),  and  increased  expression 
of  DUSP6/MKP-3  phosphatase  (an  inhibitor  of  p-ERKl/2),  compared  to  introduction  of  wild- 
type  EGFR.  These  results  indicate  that:  1)  the  HBEC  model  system  is  a  powerful  new  approach 
to  assess  the  contribution  of  individual  and  combinations  of  genetic  alterations  to  lung  cancer 
pathogenesis  ;  2)  a  combination  of  four  genetic  alterations  including  hTERT  overexpression, 
bypass  of  pl6/RB  and  p53  pathways,  and  mutant  K-RASV12  or  mutant  EGFR  is  still  not 
sufficient  for  human  bronchial  epithelial  cells  to  completely  transform  to  cancer,  and  ;  3)  EGFR 
tyrosine  kinase  inhibitors  inhibit  the  growth  of  oncogenic  manipulation  induced  preneoplastic 
HBEC  cells  ,  suggesting  their  potential  for  chemoprevention. 
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INTRODUCTION 

Human  lung  cancer  develops  as  a  multi-step  process,  usually  occurring  because  of  years 
of  smoking  related  tobacco  exposure  which  results  in  specific  proto-oncogene  and  tumor 
suppressor  gene  alterations  in  lung  epithelial  cells  (1).  In  fact,  the  majority  of  lung  cancers  have 
many  such  changes  (1).  Identifying  the  minimal  and  most  crucial  set  of  changes  required  for 
lung  tumorigenesis  and  the  impact  each  of  these  alterations  has  on  the  carcinogenic  process  is 
vital  to  develop  the  best  targets  for  early  detection  and  therapeutic  intervention.  To  address  this 
issue,  an  in  vitro  model  system  using  human  bronchial  epithelial  cells  (HBECs)  was  recently 
developed  to  assess  the  contribution  of  specific  genetic  alterations  to  lung  cancer  progression  (2, 
3).  We  accomplished  this  by  overexpressing  Cdk4  to  abrogate  the  pl6/Rb  cell  cycle  checkpoint 
pathway  and  ectopic  expression  of  human  telomerase  reverse  transcriptase  (hTERT)  to  bypass 
replicative  senescence  allowing  us  to  develop  a  series  of  immortalized  human  bronchial 
epithelial  cell  lines  (HBECs)  without  using  viral  oncoproteins.  These  HBECs  have  epithelial 
morphology,  express  epithelial  markers,  are  able  to  differentiate  into  mature  airway  cells  in 
organotypic  cultures  ,  have  minimal  genetic  changes  and  do  not  exhibit  a  transformed  phenotype 
(2.  3).  We  have  HBEC  lines  that  are  derived  from  patients  with  a  variety  of  smoking  histories, 
with  and  without  lung  cancer,  which  also  allows  us  to  explore  inter-individual  variation  in  the 
tumor  formation  process. 

Two  of  the  genetic  alterations  that  occur  almost  universally  in  human  lung  cancer, 
inactivation  of  the  pl6/pRb  pathway  and  expression  of  hTERT,  were  used  for  establishment  of 
immortalized  HBECs  and  so  are  already  present.  The  pRb  pathway  (p  1 6,NK4a-cyclinD  1 -CDK4- 
pRB  pathway)  is  a  key  cell-cycle  regulator  at  the  Gl/S  phase  transition.  Absence  of  expression 
or  structural  abnormality  of  Rb  protein  is  seen  in  more  than  90%  of  small  cell  lung  cancers 
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(SCLCs)  and  loss  of  pl6  protein  expression  by  several  mechanisms  including  methylation  or 
homozygous  deletion  of  pl6INK4a  is  seen  in  >70%  of  non-small  cell  lung  cancers  (NSCLCs),  both 
of  which  result  in  the  inactivation  of  this  pathway  (1,  4,  5).  Expression  of  high  levels  of 
telomerase  is  almost  universal  in  lung  cancer  (1).  hTERT  is  the  key  determinant  of  the 
enzymatic  activity  of  human  telomerase  and  its  transcriptional  control  is  a  major  contributor  to 
the  regulation  of  telomerase  activity  in  many  types  of  human  cells  (6-10).  Because  of  the  central 
role  of  the  pRb  pathway  and  telomerase  expression  we  initially  evaluated  the  contribution  of 
ectopically  expressing  Cdk4  and  hTERT  on  lung  cancer  development.  However,  we  found  that 
such  cells,  although  immortal  and  clonable,  did  not  show  anchorage  independent  growth  or  an 
ability  to  form  tumors  in  vivo  (2).  Other  investigators  and  our  group  had  also  immortalized 
bronchial  epithelial  cells  but  these  were  made  using  viral  oncoproteins  such  as  HPV  E6/E7  or 
SV40  large  T  antigen  with  or  without  hTERT  (2,  1 1 ,  12).  These  oncoproteins  are  known  to 
cause  malignant  transformation  through  their  ability  to  inactivate  Rb  and/or  p53,  as  well  as 
provide  multiple  other  functions,  which  are  not  characterized.  These  “other  functions  make  it 
difficult  to  estimate  the  importance  of  added  genetic  or  epigenetic  changes  in  bronchial  epithelial 

cells  immortalized  by  viral  oncoproteins. 

Thus,  we  designed  the  current  study  to  determine  if  the  HBECs  were  genetically 
tractable  and  to  analyze  the  impact  of  additional  genetic  alterations  frequently  observed  in  lung 
cancer  on  tumorigenic  transformation  of  bronchial  epithelial  cells.  First,  we  introduced  two 
well-known  genetic  alterations  seen  in  lung  cancer,  one  of  which  is  the  loss  of  p53  function,  that 
is  observed  in  90%  of  SCLCs  and  50%  of  NSCLCs  (1).  The  other  is  oncogenic  K-RAS,  which  is 
frequently  seen  in  NSCLCs  (~  30%),  especially  in  adenocarcinomas  but  probably  never  in 
SCLCs  (1,  13,  14).  Furthermore,  we  introduced  a  mutant  epidermal  growth  factor  receptor 
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(EGFR),  which  has  recently  been  reported  in  NSCLCs  and  shown  to  be  correlated  with  tumor 
sensitivity  to  the  EGFR  tyrosine  kinase  inhibitors  (TKIs)  (15,  16).  We  report  here  that  HBECs 
immortalized  by  overexpression  of  Cdk4  and  hTERT  and  subsequently  manipulated  to  have 
oncogenic  K-RAS,  knockdown  of  p53,  or  mutant  EGFR  have  acquired  part,  but  not  all  of,  the 
malignant  phenotype  by  the  combination  of  these  genetic  alterations.  These  partially  progressed 
lung  epithelial  cells  show  that  more  changes  are  needed  for  the  full  malignant  phenotype.  In 
addition,  we  have  found  that  these  preneoplastic  cells  are  exquisitely  sensitive  to  EGFR 


inhibition. 
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Materials  and  Methods 
Cells  and  culture  conditions. 

The  HBEC3  (HBEC3-KT)  immortalized  normal  human  bronchial  epithelial  cell  line  was 
established  by  introducing  mouse  Cdk4  and  hTERT  into  normal  human  bronchial  epithelial  cells 
obtained  from  a  65-year-old  woman  without  cancer  (2).  NSCLC  cell  lines,  NCI-H441 ,  NCI- 
H358,  NCI-H1299,  and  NCI-H2122  were  obtained  from  Hamon  Center  collection  (University  of 
Texas  Southwestern  Medical  Center).  HBEC3  was  cultured  with  K-SFM  (Gibco,  Gaithersburg, 
MD)  media  containing  50  pg/ml  of  Bovine  Pituitary  Extract  (BPE)  (Gibco)  with  or  without  5 
ng/ml  of  EGF  (epidermal  growth  factor)  (Gibco).  These  cells  are  resistant  to  G418  due  to  the 
neomycin  resistant  gene  introduced  with  the  cdk4  expression  vector  and  to  puromycin  due  to  the 
puromycin  resistant  gene  introduced  with  the  hTERT  expression  vector. 

Viral  vector  construction  and  viral  transduction. 

We  used  the  pSUPER  vector  of  Brummelkamp  et  al  (OligoEngine,  Seattle,  WA)  as  the  basis  for 
generating  siRNA  for  stable  p53  knockdown  (17,  18).  To  generate  pSUPER.retro-zeocin 
(pSRZ),  SacII  and  EcoRI  sites  were  introduced  into  zeocin  resistant  gene  fragment  amplified 
from  pVgRXR  (a  gift  from  Dr  Preet  Chaudhary)  and  the  fragment  was  cloned  into  pSUPER.retro 
using  SacII  and  EcoRI  sites,  resulting  in  the  replacement  of  the  puromycin  resistant  gene  with  a 
zeocin  resistant  gene.  To  generate  pSRZ  -p53  for  p53  knockdown,  EcoRI-  and  Hind  Ill-digested 
inserts  from  pSUPER-p53  (18)  (OligoEngine)  was  cloned  into  the  same  sites  of  pSRZ.  pBabe- 
hyg  and  an  oncogenic  K-RASV12,  pBabe-hyg-KRAS2-V12  vectors  were  provided  by  Dr  Michael 
White  (The  University  of  Texas  Southwestern  Medical  Center).  To  produce  viral  containing 
medium.  293T  cells  were  transiently  transfected  with  viral  vector  together  with  pVpack-VSVG 
and  pVpack-GP  vectors  (Stratagene,  La  Jolla,  CA).  48  hours  after  the  transfection,  supernatant 
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of  the  293T  cells  was  harvested  and  passed  through  a  0.45  pm  filter,  and  the  viral  supernatant 
was  frozen  at  -80  C.  The  supernatant  was  used  for  infection  after  adding  4  ug/ml  of  polybrene 
(Sigma,  St.  Louis,  MO).  48  hours  after  the  infection,  drug  selection  for  infected  cells  was  started 
with  12.5  ug/ml  of  zeocin  (Invitrogen,  Carlsbad,  CA)  or  18  pg/ml  of  hygromycin  (Clontech,  Palo 
Alto,  CA)  and  continued  for  7  to  1 1  days.  HBEC3  cells  were  infected  with  four  different 
combinations  of  the  two  retroviral  vectors:  1)  pSRZ  and  pBabe-hyg  (vector  control);  2)  pSRZ  - 
p53  and  pBabe-hyg;  3)  pSRZ  and  pBabe-hyg-KRAS2-V12;  and  4)  pSRZ  -p53  and  pBabe-hyg- 

K-RAS2-V 1 2. 

To  introduce  wild  and  mutant  EGFRs  into  HBEC3  cells  we  used  the  pLenti6/directional 
TOPO  cloning  kit.  Full-length  fragment  of  wild-type  EGFR  was  amplified  from  pcDNA3.1- 
EGFR-wt  (a  gift  from  Dr.  Joachim  Herz,  University  of  Texas  Southwestern  Medical  Center)  and 
cloned  into  pLenti6/directional  TOPO  vector  according  to  manufacture  instruction  (pLenti-wt- 
EGFR).  The  L858R  mutation  was  introduced  into  pLenti-wt-EGFR  by  using  site-directed 
mutagenesis  kit  (Stratagene).  The  full  length  of  E746-A750  del  mutation  was  amplified  from 
cDNA  from  HCC827  non-small  cell  lung  cancer  cell  line  (19)  and  cloned  into 
pLenti6/directional  TOPO  vector.  Correct  sequences  were  confirmed  by  sequencing  for  all 
vectors.  Viral  transduction  was  performed  following  the  manufacture  instruction.  Briefly,  the 
293FT  cells  were  transiently  transfected  with  viral  vector  together  with  viral  power  (Invitrogen). 
48  hours  after  the  transfection  supernatant  of  the  293FT  cells  was  harvested  and  passed  through  a 
0.45  pm  filter,  and  frozen  at  -80  C.  The  supernatant  was  used  for  infection  after  adding  4pg/ml 
of  polybrene  (Sigma).  48  hours  after  the  infection  drug  selection  for  infected  cells  was  started 
with  5pg/ml  of  Blasticidin  (Invitrogen)  and  continued  for  7  days. 

Western  Blot  analysis. 
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Preparation  of  total  cell  lysates  and  Western  blotting  were  performed  as  described  previously 
(20).  Primary  antibodies  used  were  mouse  monoclonal  anti-p53  (Santa  Cruz,  Santa  Cruz,  CA), 
mouse  monoclonal  anti-p21  (BD  Transduction  Laboratories,  Lexington,  KY),  mouse  monoclonal 
anti-K-RAS  (Santa  Cruz),  mouse  monoclonal  anti-EGFR  (BD  transduction  Laboratories),  rabbit 
polyclonal  anti-phospho-EGFR-Tyrl068  (Y1068),  rabbit  polyclonal  anti-phospho-EGFR  - 
Tyr845  (Y845)  rabbit  polyclonal  anti-phospho-EGFR-Tyr992  (Y992  )  rabbit  polyclonal  anti- 
phospho-EGFR-Tyr 1 045  (Y1045)  (Cell  Signaling,  Beverly,  MA),  rabbit  polyclonal  anti- 
MEK1/2  (Cell  Signaling),  rabbit  polyclonal  anti-phospho-MEKl/2  (Cell  Signaling),  rabbit 
polyclonal  anti-ERKl  (Cell  Signaling),  rabbit  polyclonal  anti-phospho-ERKl  (Cell  Signaling), 
rabbit  polyclonal  anti-Akt  (Cell  Signaling),  rabbit  polyclonal  anti-phospho-Akt  (Thr308),  rabbit 
polyclonal  anti-phospho-Akt  (Ser473),  mouse  monoclonal  anti-phospho-STAT3  (Tyr705)  (Cell 
Signaling),  PARP  (Cell  Signaling  )  ,and  mouse  monoclonal  anti-Actin  (Sigma)  antibodies. 

Actin  protein  levels  were  used  as  a  control  for  adequacy  of  equal  protein  loading.  Aniti-rabbit  or 
anti-mouse  antibody  (1:  2000  dilution:  Amersham,  Piscateway,  NJ)  was  used  as  the  second 
antibody. 

Immunofluorescence  staining. 

Cells  were  washed  with  PHEM  (60  mM  PIPES,  25  mM  HEPES,  10  mM  EGTA,  1  mM  MgCl2, 
pH  7.4)  solution,  and  fixed  in  3%  paraformaldehyde  for  10  min  at  37' C  in  PHEM.  After 
additional  washes  with  PBS,  the  cells  were  permeabilized  with  0.1%  Triton  in  PBS  for  10  mm, 
blocked  with  3%  gelatin/3%  BSA/0.2%  Tween-20  for  1  h  at  37°C,  and  incubated  with  mouse 
polyclonal  anti-p63  antibody  (BD  Transduction)  and  Rhodamine  phalloidin  (Molecular  Probe, 
Eugene,  OR)  in  gelatin/BSA  blocking  solution  for  16  h  at  4°C.  The  cells  were  then  incubated 
with  the  Alexa  Fluor  568  anti-mouse  IgG  (H  +  L)  (Molecular  Probes)  secondary  antibody  for  1  h 


Oncogenic  manipulation  of  immortalized  bronchial  epithelial  cells 


at  37°C.  Finally,  cells  were  stained  with  0.5  pg/ml  of  Hoechst  33258,  and  examined  in  a 
fluorescence  microscope. 

RNA  extraction  and  RT-PCR-RFLP  analysis. 

We  modified  previously  reported  RT-PCR-RFLP  method  designed  to  distinguish  mutated  from 
wild-type  KRAS  alleles  (21).  Total  RNA  was  extracted  using  RNeasy  mini  kit  (Qiagen, 
Valencia,  CA).  Four  pg  of  total  RNA  were  reverse  transcribed  with  Superscript  II  First-Strand 
Synthesis  using  oligodeoxythymidylic  acid  primer  system  (Invitrogen).  PCR  amplification  was 
carried  out  with  3704KRASTN  sense  (GAC  TGA  ATA  TAA  ACT  TGT  GGT  AGT  TGG  ACC 
T)  and  3672  KRAS-RT-R  antisense  (5-TCC  TCT  TGA  CCT  GCT  GTG  TCG-3)  primers, 
creating  BstNI  restriction  patterns  that  distinguished  mutated  from  wild-type  KRAS  alleles. 

PCR  reactions  were  performed  in  a  25  pi  reaction  mixture  containing  1.5  mM  MgCl2>  187.5  pM 
of  each  dNTP,  10  pmol  of  each  primer,  and  1.25  unit  of  HotStar  Taq  DNA  Polymerase  (Qiagen). 
Cycling  conditions  were  one  incubation  of  15  minutes  at  95°C,  followed  by  35  cycles  of  a  20- 
second  denaturation  at  94°C,  60-second  annealing  at  58  C,  and  90-second  extension  at  72  C,  and 
a  final  elongation  at  72°C  for  7  minutes.  PCR  products  were  cut  with  BstNI,  electrophoresized 
on  1  %  agarose  gel  with  ethidium  bromide,  and  visualized  by  UV.  NCI-H2122  cell  line 
containing  a  endogenous  mutant  K-RAS  at  codon  12  was  used  as  a  control  for  K-RAS  allele, 
and  NCI-H1299  cell  was  used  as  a  control  for  the  wild-type  K-RAS  allele. 

In  vitro  and  in  vivo  cell  growth  assays. 

To  determine  growth  curves,  cells  were  cultured  in  triplicate  wells  in  12-well  plates  and  counted 
every  3  days.  Liquid  colony  formation  assays  were  performed  as  previous  described  (22). 
Briefly,  200  viable  cells  were  plated  in  triplicate  1 00  mm  plates  and  were  cultured  in  K-SFM 
medium  supplemented  with  50  pg/ml  of  BPE  with  or  without  5  ng/ml  of  EGF.  To  measure  the 
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effect  of  gefitinib  or  erlotinib,  1  pM  of  each  drug  was  added  to  the  medium  and  the  medium  was 
replaced  every  3  days.  Surviving  colonies  were  counted  14  days  later  after  staining  with 
methylene  blue.  For  soft  agar- growth  assays,  1,000  viable  cells  were  suspended  and  plated  in 
0.37%  Sea  Kent  agar  (FMC,  Philadelphia,  PA)  in  K-SFM  medium  supplemented  with  20%  of 
fetal  bovine  serum  (FBS)  and  50  ug/ml  of  BPE  with  or  without  5  ng/ml  of  EGF  in  triplicate  12- 
well  plates,  and  were  layered  over  a  0.50%  agar  base  in  the  same  medium  as  the  one  used  for 
suspending  the  cells.  To  measure  the  effect  of  gefitinib  or  erlotinib,  lpM  of  each  drug  was  drug 
added  to  agar  base  layer.  The  number  of  microscopically  visible  colonies  (>50  cells)  were 
counted  4  weeks  later.  In  vivo  tumorigenicity  was  evaluated  by  injection  of  cells  in  nude  mice. 
Male  B  ALB/c  nude  (nu/nu)  3-  to  6-week-old  mice  (Charles  River  Laboratories,  Wilmington, 

DE)  were  irradiated  on  day  0  of  the  experiment  in  groups  of  five  animals  by  a  5-minute  exposure 
to  350  cGy  from  a  cesium  source.  The  next  day,  each  mouse  was  given  an  injection 
subcutaneously  on  its  flank  0.25-lxl07  viable  HBEC3  cells  in  0.2  ml  of  PBS  containing  different 
combinations  of  ectopically  introduced  genes.  Coinjection  of  Matigel  (BD  Bioscience,  San  Jose, 
CA)  was  also  tested  for  HBEC3  cells  expressing  p53  RNAi  and  K-RASV1‘.  Mice  were 
monitored  every  2—3  days  for  tumor  size.  All  animal  care  was  in  accord  with  institutional 
guidelines  and  approved  IACRAC  protocols.  The  non-small  cell  lung  cancer,  NCI-H358,  NCI- 
H441,  and  NCI-FQ299  cell  lines  (5xl06  cells)  were  used  as  positive  controls. 
Three-dimensional  organotypic  culture  assay. 

Cultures  were  established  as  previously  described  for  skin  equivalents  (23)  except  that  airway 
fibroblasts  were  used  in  place  of  skin  cells.  Briefly,  type  I  collagen  and  IMR90  fibroblasts  were 
mixed  and  allowed  to  polymerize.  The  collagen  gels  were  released  and  incubated  for  a  period  of 
4  to  10  days  to  allow  the  fibroblasts  to  contract  the  gels,  creating  a  ‘submucosa’.  Cloning  rings 
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were  then  placed  atop  the  gels  and  HBEC  cells  were  plated  into  the  rings  at  a  concentration  of  2 
x  1 05/cm2.  After  allowing  the  cells  to  attach  for  4  hours,  the  rings  were  removed  and  organotypic 
cultures  submerged  for  4  days  in  keratinocyte  feeder  layer  media  containing  ascorbic  acid,  then 
emerged  to  the  air-liquid  interface  for  up  to  28  days  in  culture,  after  which  time  the  cultures  were 
harvested,  fixed,  and  prepared  for  histology.  Organotypic  cultures  were  immersed  in  10% 
neutral  buffered  formalin  overnight  at  4°C  followed  by  dehydration,  paraffin  embedding,  and 
thin  sectioning,  5  and  10pm  sections  were  then  rehydrated  and  stained  with  hematoxylin  and 
eosin  to  view  overall  morphology  (http://www.protocol-online.org/prot/Histology/Staining/). 
Stained  slides  were  then  viewed  using  an  Axioscop-2  or  Axioplan-2E  microscope  (Carl  Zeiss, 
Thornwood,  NY,  USA;  www.zeiss.com)  and  photographed  with  Hamamatsu  ORCA 
monochrome  CCD  camera  (Hamamatsu;  Bridgewater,  NJ;  www.hamamatsu.com). 

Cell  cycle  analysis. 

Cells  were  harvested  48  h  after  the  treatment  of  lpM  of  gefitinib,  erlotinib,  or  0.1%  DMSO, 
fixed  with  70%  ethanol,  treated  with  5  mg/ml  RNase  A  (Roche  Molecular  Biochemicals),  stained 
with  50  pg/ml  propidium  iodide,  and  analyzed  by  flow  cytometry  for  DNA  synthesis  and  cell 
cycle  status  (FACSCaliber  instrument,  Becton  Dickinson,  with  FlowJo  software). 

Microarray  analysis. 

RNAs  were  labeled  and  hybridized  to  Affymetrix  HG-U133-Plus2  GeneChips  according  to  the 
manufacturer’s  protocol  (http://www.affvmetrix.com).  This  array  contains  54,675  genes  (29,180 
unique  genes).  Microarray  analysis  was  performed  using  Affymetrix  MicroArray  Suite  5.0  and 
in-house  Visual  Basic  software  MATRIX  1.26. 
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Real-time  RT-PCR  for  DUSP6/MKP-3. 

The  expression  of  DUSP6/MKP-3  was  analyzed  by  quantitative  real-time  RT-PCR.  Primers  were 
designed  to  ensure  a  single  107  bp  amplicon  using  the  standard  Taqman  assay-on-demand  PCR 
protocol  with  a  10  minute  hot  start.  Products  were  resolved  on  2%  agarose  (Sigma).  A  probe 
sequence  was  designed  using  PrimerExpress  software  (Applied  Biosystems).  The  probe  was 
labeled  with  TAMRA  (quencher)  and  FAM  (reporter)  and  synthesized  by  IDT.  To  establish  the 
efficiency  of  this  assay  we  used  a  five  fold  serial  dilution  of  cDNA  over  6  concentrations.  These 
samples  were  run  on  the  Gene  Amp  7700  Sequence  Detection  System  (Applied  Biosystems)  in 
triplicate.  The  resultant  curve  had  a  slope  of  -3.396  and  R2  coefficient  of  0.9939.  For 
quantitative  analysis  of  DUSP6/MKP-3  we  used  GAPDH  (Applied  Biosystems  assay-on- 
demand)  as  an  internal  reference  gene  to  normalize  input  cDNA.  Quantitative  real-time  RT-PCR 
was  performed  in  a  reaction  volume  of  25  pi  including  1  pi  of  cDNA.  We  used  the  comparative 
Ct  method  to  compute  relative  expression  values. 

Statistical  analyses: 

For  comparison  of  saturation  density  and  colony  formation  between  the  different  genetically 
manipulated  cell  strains  we  used  one-way  ANOVA  with  Bonferroni’s  post  hoc  test  correction 
and  for  comparisons  of  the  effect  of  EGFR  on  growth  the  Mann-Whitney  U  test. 

Results 

RNAi-mediated  p53  knockdown  and  K-RASV12  introduction  in  HBEC3s. 

We  used  retroviral  vector  mediated-RNAi  technology  to  generate  HBEC3  clones  stably  knocked 
down  for  p53.  HBEC3  expressing  cdk4  and  hTERT  cells  were  infected  with  pSRZ-p53  (see 


Page  14 


Oncogenic  manipulation  of  immortalized  bronchial  epithelial  cells 


methods  and  legend  of  Figure.  1),  selected  with  zeocin,  and  tested  for  p53  and  p21Vv  AF1protein 
expression.  Western  blot  analysis  showed  clear  suppression  of  p53  and  p21WAF1  (Fig.  1A). 

Next,  we  introduced  mutant  K-RASvl2into  pSRZ-expressing  and  pSRZ-p53-expressing  HBEC3 
cells  using  pBabe-hyg-KRAS2-V12  retroviral  vector  followed  by  hygromycin  selection. 

Western  blot  analysis  showed  that  the  expression  levels  of  K-RAS  in  K-RASV1"  transfected  and 
p53RNAi  and  K-RASV12  transfected  HBEC3  cells  approximated  that  of  vector  alone  transfected 
HBEC3  cells  (Fig.  1A).  Because  antibodies  that  recognize  only  wild  or  mutant  K-RAS  are  not 
available,  we  performed  RT-PCR-RFLP  analysis  to  distinguish  between  K-RASV12  and  wild  K- 
RAS  mRNA  expression.  The  analysis  revealed  that  mutant  K-RASV  transcripts  were  the 
predominant  form  expressed  in  the  K-RASV12  transfected  HBEC3  alone  or  with  p53  RNAi  cells 
(Fig.  IB),  indicating  that  most  of  the  K-RAS  protein  expressed  in  HBEC3  cells  infected  with 
pBabe-hyg-KRAS2-V12  was  the  mutant  form.  We  also  performed  immunocytochemistry  of  p63 
(a  stem  cell  marker)  and  found  that  mutant  K-RAS  and  /or  p53  knockdown  did  not  alter  the  p63 
expression  levels  of  HBEC3  cells  (data  not  shown). 

p53  knockdown  and  K-RASV12  introduction  into  HBEC3s  increases  saturation  density. 

We  assessed  the  effect  of  p53  knockdown  and  expression  of  mutant  K-RASV12  on  cell  growth 
and  found  no  significant  difference  in  growth  rate  in  the  exponential  growth  phase  between 
p53RNAi  expressing,  K-RAS v  12  expressing,  p53RNAi  and  K-RASV1' expressing,  and  vector 
expressing  HBEC3  cells.  However,  p53RNAi  expressing  (P<  0.01),  K-RASV1"  expressing  (P< 
0.01),  and  p53RNAi  and  K-RASV12  expressing  (B<  0.001)  HBEC3  cells  achieved  significantly 
higher  final  saturation  densities  in  confluent  cultures  compared  to  vector  transfected  control  (in 
all  cases  here  and  below  using  one-way  ANOVA  with  Bonferroni  s  post  hoc  test)  (Fig.  1C  and 
ID).  Also,  the  final  density  of  the  combined  p53RNAi  and  K-RASV1“  expressing  HBEC3  cells 
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was  significantly  higher  than  that  of  HBEC3  cells  with  either  p53  knockdown  (P  <  0.01)  or 
mutant  K-RASV12  (P<  0.01)  alone  (Fig.  1C  and  ID).  We  conclude  from  these  studies  that 
introduction  of  these  genetic  changes  produced  part  of  the  malignant  phenotype,  increased 
saturation  density. 

p53  knockdown  and  K-RASV12  introduction  permits  anchorage-independent  growth  and 
partial  bypass  of  EGF  dependence. 

HBEC3  cells  are  able  to  form  colonies  in  liquid  medium  but  not  in  soft  agar  (i.e.  they  do  not 
display  anchorage  independent  growth).  We  then  tested  the  p53  and  K-RAS  manipulated 
variants  to  see  if  they  had  acquired  this  ability.  In  addition,  because  HBEC3  cells  express  robust 
levels  of  EGFR  (Fig.  4 A),  and  EGF  is  in  the  K-SFM  synthetic  medium  we  tested  the  dependence 
of  colony  formation  in  liquid  and  semi-solid  medium  on  EGF.  Supplementation  of  EGF 
dramatically  enhanced  liquid  colony  formation  in  all  HBEC3  cells  (Fig.  IP).  In  liquid  colony 
formation  in  the  presence  of  EGF  no  significant  difference  in  the  number  of  colonies  was  seen 
between  p53RNAi  expressing,  K-RASV1 2  expressing,  p53RNAi  and  K-RAS  expressing,  and 
vector  expressing  HBEC3  cells.  In  contrast  there  were  significant  differences  in  the  number  of 
colonies  in  the  absence  of  EGF  between  these  four  strains  (Fig.  IP).  In  the  absence  of  EGF, 
p53RNAi  expressing  (5.9  fold,  P<  0.001)  and  p53RNAi  and  K-RASV12  expressing  (6.6  fold,  < 
0.001)  HBEC3  cells  formed  a  markedly  increased  number  of  colonies  compared  to  vector 
control,  while  K-RASV12  expressing  HBEC3  cells  formed  significantly  increased  (3.2  fold,  < 
0.001)  number  of  colonies  compared  to  vector  control  (in  all  cases  here  and  below  using  one¬ 
way  ANOVA  with  Bonferroni’s  post  hoc  test)  (Fig.  IP).  In  the  presence  of  EGF,  p53RNAi 
expressing,  K-RASV12  expressing,  and  p53RNAi  and  K-  K-RASV1"  expressing  HBEC3  cells 
formed  a  significantly  increased  number  of  soft  agar  colonies  compared  to  vector  control,  7.3  (< 
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0.001).  6.7  (<  0.001)  and  16.5  fold  (<  0.001)  respectively,  while  in  the  absence  of  EGF,  p53 
RNAi  and  p53RNAi  and  K-RASV12  expressing  HBEC3  cells  formed  very  few  colonies  (Fig. 

4 C).  We  conclude  from  these  studies  that  introduction  of  these  genetic  changes  led  to 
anchorage-independent  growth  and  both  oncogenic  KRAS  or  p53  knockdown  led  to  partial 
bypass  of  dependence  on  EGF.  However,  the  cells  still  remain  dependent  on  EGF  signaling  to 
express  this  anchorage-independent  growth,  while  an  unexpected  finding  was  the  ability  of  p53 
knockdown  to  partially  alleviate  this  EGF  dependence. 

p53  knockdown  and  expression  of  mutant  K-RASV1"  does  not  give  a  full  malignant 
phenotype. 

In  tumorigenicity  assays  none  of  HBEC3  derivatives  formed  subcutaneous  tumors  in  nude  mice. 
Since  Matrigel  (BD  Bioscience)  accelerates  tumor  growth  when  coinjected  with  cells  in  athymic 
mice  (24),  we  injected  HBEC3  cells  expressing  p53  RNAi  and  K-RASV1“  together  with  Matrigel. 
However,  even  with  Matrigel  the  HBEC3  cells  expressing  p53  RNAi  and  K-RASV1“  did  not 
form  tumors.  In  contrast,  tests  of  5x  106  non-small  cell  lung  cancer,  NCI-H358,  NCI-H441,  and 
NCI-H1299  cells  reproductively  formed  progressively  growing  nude  mouse  xenograft  tumors  in 
the  17-90  day  observation  period  (Table  1).  We  conclude  from  these  studies  that  even  with  these 
gain  of  function  and  loss  of  function  manipulations  a  full  malignant  phenotype  is  not  achieved 
(in  vivo  tumor  formation). 

Oncogenic  manipulation  leads  to  an  invasive  phenotype  in  a  three-dimensional  organotypic 
culture  assay. 

To  evaluate  the  effect  of  oncogenic  manipulation  in  HBEC3s  on  their  ability  to  differentiate  and 
to  invade  we  performed  three-dimensional  organotypic  culture.  HBEC3  cells  only  expressing 
hTERT  and  Cdk4  cells  formed  a  confluent  layer  of  cells  on  the  upper  surface  of  a  fibroblast  and 
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collagen  gel  under  layer  and  developed  both  ciliated  (Fig.  2 A)  and  mucous  producing  cell  types. 
In  stark  contrast,  the  cells  expressing  hTERT,  Cdk4,  K-RASV12  and  p53  RNAi  showed  histologic 
change  similar  to  metaplasia/ dysplasia  and  they  invaded  into  the  fibroblast  and  collagen  gel 
similar  to  cancer  cells  invading  into  the  submucosal  layer  (Fig.  2 B  and  Fig.  1C).  We  conclude 
from  these  studies  that  p53  knockdown  and  K-RASV12  are  additive  in  malignant  transformation 
leading  to  the  development  of  anchorage-independent  growth  and  the  ability  to  invade  in  a  three- 
dimensional  culture  system. 

Gefitinib  and  erlotinib  inhibit  proliferation  and  colony  formation  of  HBEC3  cells  by 
inducing  G1  cell  cycle  arrest. 

The  dependency  of  HBEC3  cell  on  EGF  signaling  prompted  us  to  investigate  the  effect  of  TKIs, 
gefitinib  and  erlotinib  on  cell  proliferation  in  mass  culture  and  colony  formation  of  these  cells. 
Both  gefitinib  and  erlotinib  at  1  pM  completely  inhibited  the  mass  culture  proliferation  of  all 
HBEC3  cells  both  in  the  presence  and  the  absence  of  EGF  (data  not  shown).  Gefitinib  or 
erlotinib  at  luM  also  completely  inhibited  both  anchorage-dependent  and  independent  colony 
formation  in  all  HBEC3  cells  (Table  2  and  Fig.  3A).  Thus,  while  oncogenic  manipulation 
partially  relieved  EGF  dependence,  EGF  TKIs  remain  potent  inhibitors  of  HBEC  growth.  To 
investigate  the  mechanisms  of  this  growth  inhibition  by  TKIs  we  performed  apoptosis  and  cell 
cycle  analyses.  Western  blot  for  PARP  cleavage,  an  indicator  of  caspase-mediated  apoptosis, 
showed  that  cleaved  89-Kd  fragment  was  not  detected  in  any  of  HBEC3  cells  treated  with  TKIs 
but  was  significantly  increased  in  HCC827  EGFR  mutant  cells  after  the  treatment  with  TKIs  for 
48  hours  (Fig.  3 B).  Cell  cycle  analysis  also  did  not  show  sub-Gl  DNA  fractions  indicative  of 
apoptosis  in  HBEC3  cells  treated  with  TKIs.  Instead,  the  cell  cycle  analysis  showed  increase  in 
the  fraction  of  cells  in  G1  phase  in  all  the  HBEC3  cells  treated  with  either  of  the  drugs,  with 
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reduction  of  S  phase  cell  (Table  3.  and  Fig.  3Q.  These  results  suggest  that  growth  inhibition  for 
HBEC3  cells  by  TKIs  is  mainly  caused  by  G1  cell  cycle  arrest  and  not  apoptosis.  Comparing  the 
results  of  FACS  analysis  for  the  control  cells  treated  with  DMSO,  we  found  that  the  combined 
HBEC3  p53  knock  down  and  mutant  K-RAS  cells  showed  a  significantly  increase  in  G2/M 
phase  cells  compared  to  either  manipulation  alone  suggesting  dramatic  cell  cycle  deregulation 
results  from  this  oncogenic  combination  (Table  3  and  Fig.  3C). 

Effect  of  K-RASV12  and  EGF  supplementation  on  expression  of  pEGFR,  pMEK,  pERK, 
and  pAkt. 

We  measured  the  expression  of  phosphorylated  and  total  EGFR,  MAPKs  and  Akt  proteins  in  the 
HBEC3  cells  in  the  presence  and  the  absence  of  EGF.  Addition  of  EGF  resulted  in  massive 
induction  of  phospho-EGFR,  a  slight  induction  of  phospho-ERK,  and  a  modest  induction  of 
phospho-Akt™08  in  all  HBEC3  cells  (Fig.  4A).  In  the  absence  of  EGF,  two  immunoreactive 
phospho-MEKl/2  bands  were  detected  while  the  faster  migrating  band  was  not  detected  in  the 
presence  of  EGF,  representing  a  shift  to  the  hyper  phosphorylated  form  (Fig.  4A).  Surprisingly, 
introduction  of  K-RASV12  did  not  show  a  significant  effect  on  phosphorylation  of  MAPKs  in  the 
presence  or  absence  of  EGF  but  led  to  a  slight  increased  phospho-Akt  in  the  absence  of 
EGF  (Fig.  4A).  Also  surprisingly,  both  phospho-MEKl/2  and  phospho-ERK  were  down- 
regulated  in  p53RNAi  and  K-RASV12  expressing  HBEC3  cells  compared  to  the  other  three  cell 
lines  in  the  absence  of  EGF  (Fig.  4A). 

Tyrosine  kinase  domain  mutant  EGFRs  enhanced  anchorage-independent  growth  of 
HBEC3  cells. 

EGFR  with  mutations  in  the  tyrosine  kinase  domain  have  been  discovered  in  lung  cancers 
predominantly  arising  in  never  smokers  (25).  These  mutant  EGFRs  are  suspected  as  having 
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oncogenic  properties.  To  determine  if  mutant  EGFRs  commonly  found  in  lung  cancer  (E746- 
A750,  L858R)  have  oncogenic  ability,  we  evaluated  the  tumorigenicity  of  wild-type  and  mutant 
EGFR  transfected  HBEC3s  by  soft  agar  colony  formation  assays.  In  the  absence  of  EGF,  E746- 
A750  del  expressing  HBEC3  cells  formed  significantly  increased  number  of  colonies  compared 
to  wild-type  expressing  cells  in  both  p53  wild-type  (pcO.OO  l  by  Mann-Whitney  U  test)  and  p53 
knocked  down  cells  (p <0.01  by  Mann-Whitney  U  test),  while  L858R  mutant  expressing  HBEC3 
cells  increased  the  number  of  colonies  only  in  p53  knocked  down  cells  {p< 0.001  by  Mann- 
Whitney  U  test)  (Fig.  4C).  In  contrast  to  p53  RNAi  and  mutant  K-RAS  expressing  HBEC3s  that 
formed  very  few  number  of  colonies  (2. 7+2.0  out  of  1,000)  in  the  absence  of  EGF,  the  E746- 
A750  del  mutant  transfectants  formed  substantial  number  of  colonies  even  in  the  absence  of  EGF 
(Fig.  4C),  suggesting  that  E746-A750  del  mutant  reduced  the  EGF  dependence  of  HBEC3s  in 
terms  of  anchorage-independent  growth.  Of  interest,  the  L858R  mutant  only  demonstrated  this 
independence  when  p53  was  removed  by  knockdown  (Fig.  40’  Again,  in  these  p53  knocked 
down  HBEC3s  carrying  a  control  vector  (used  for  EGFR  introduction),  the  cells  remained 
dependent  on  EGF  for  soft  agar  growth.  These  results  indicate  that  both  types  of  mutant  EGFRs 
possess  oncogenic  properties  compared  to  wild-type  EGFR.  They  also  provide  functional 
differences  between  the  deletion  and  missense  EGFR  mutants  including  differences  in  p53 
interaction.  We  also  performed  nude  mice  injection  assays  for  p53  knocked  down  HBEC3s 
carrying  L858R  mutant,  which  formed  the  most  number  of  colonies  in  the  absence  of  EGF  (Fig. 
4  Q.  However,  they  did  not  form  tumor  in  nude  mice  (Table  1) 

Introduction  of  both  wild  and  mutant  EGFR  into  HBEC3s  resulted  in  constitutive 
activation  of  EGFR. 
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Phosphorylation  level  of  EGFR  was  evaluated  by  western  blotting  with  four  (Y845,  Y992, 

Y 1 045,  and  Y1068)  phosphorylation  specific  antibodies.  To  reduce  the  background  for  western 
blotting,  cells  were  first  starved  in  the  media  without  BPE  and  EGF  for  24  hrs  before  harvest.  In 
the  absence  of  exogenous  EGF,  we  found  EGFR  mutants  and  wild-type  EGFR  to  exhibit  induced 
levels  of  phosphorylated  EGFR,  suggesting  the  existence  of  autocrine  ligands  stimulating  EGFR 
(Fig.  4 6).  In  p53  wild-type  cells,  wild-type  EGFR  showed  phosphorylation  of  Y845,  Y992  and 
Y 1068  to  a  lesser  extent  than  when  mutant  EGFRs  were  present  (Fig.  45).  In  contrast,  in  p53 
knocked  down  cells,  such  a  difference  was  not  seen  (Fig.  45).  This  result  suggests  that  the 
activation  of  wild-type  EGFR  might  be  suppressed  by  p53.  Interestingly,  the  Y1045  site  was 
highly  phosphorylated  in  F858R  transfectants,  but  not  in  E746-A750  del  transfectant  (Fig.  45), 
indicating  that  Y1045  is  unique  in  distinguishing  between  the  two  types  of  EGFR  mutations  (Fig. 
45). 

AKT  and  STAT3  were  phosphorylated  at  higher  level  in  mutant  EGFRs  than  wild-type 
EGFR. 

The  EGFR  F858R  mutant  showed  increased  level  of  phosphorylated  Akt  and  STAT3  in  both  p53 
wild-type  and  p53  knocked  down  cells,  while  the  EGFR  E746-A750  del  mutant  showed 
increased  level  of  phosphorylated  Akt  only  in  p53  knocked  down  cells  and  slightly  increased 
level  of  phosphorylated  STAT3  in  both  p53  wild-type  and  p53  knocked  down  cells  (Fig.  45).  By 
contrast,  no  significant  difference  in  phosphorylated  ERK  was  seen  between  wild-type  and 
mutant  EGFRs  (Fig.  45).  These  results  suggest  that  mutant  EGFRs  selectively  transduces 
signals  through  Akt  and  STAT3,  which  is  consistent  with  previously  reported  data  (26). 
DUSP6/MKP-3  gene  was  upregulated  in  mutant  EGFR  transfected  HBEC3  cells. 
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Microarray  analysis  for  HBEC3  cells  transfected  with  wild-type  or  mutant  EGFRs  shows  that 
mRNA  of  DUSP6/MKP-3,  whose  protein  is  a  dual-specificity  phosphatase  that  dephosphorylate 


the  active  form  of  ERK  (27,  28),  is  significantly  upregulated  in  mutant  EGFR  transfectants 


compared  to  wild-type  and  vector  transfected  cells  (Fig.  AD).  Real-time  PCR  analysis  for 
DUSP6/MKP-3  also  showed  this  result  (Fig.  4D). 
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Discussion 

We  have  taken  human  bronchial  epithelial  cells  immortalized  using  overexpression  of 
Cdk4  (to  circumvent  pl6-mediated  cell  culture  growth  arrest)  and  hTERT  (to  prevent  telomere 
erosion)  and  genetically  manipulated  them  by  stably  knocking  down  p53,  expressing  oncogenic 
K-RASV12,  and  mutant  EGFR,  alone  or  in  combination.  The  results  show  that  these  additional 
genetic  changes,  commonly  found  in  human  lung  cancer,  progress  the  HBEC3  cells  part,  but  not 
all.  of  the  way  towards  malignancy.  The  human  cells  exhibit  higher  saturation  density, 
anchorage-independent  growth,  invade  in  an  organotypic  culture  assay  but  do  not  form  tumors  in 
mouse  xenografts.  While,  in  general,  the  cells  remain  dependent  on  EGF,  p53  knockdown  and 
mutant  EGFR  reduce  this  EGF  dependence.  In  addition,  their  growth  and  ability  to  form 
colonies  in  liquid  and  semi-solid  media  is  dramatically  reduced  by  EGFR-directed  TKIs.  These 
studies  indicate  that  more  than  four  genetic  alterations  are  required  for  the  full  cancer 
transformation  of  human  bronchial  epithelial  cells. 

Several  studies  have  reported  that  introduction  of  oncogenes  such  as  KRAS  or  F1RAS  and 
c-ntyc  result  in  malignant  transformation  of  human  bronchial  epithelial  cells  (29-31).  However, 
until  the  present  study  there  has  not  been  immortalized  cell  line  with  wild-type  p53  function. 
(Prior  studies  were  performed  with  viral  oncoprotein  immortalized  cells  abrogating  p53  function 
(11,  12,  29,  30,  32).)  In  the  present  study  we  have  shown  that  greater  than  90%  inhibition  of  p53 
protein  in  immortalized  human  bronchial  epithelial  cells  enhances  the  clonal  and  soft  agar  colony 
formation  and  results  in  partial  loss  of  contact  inhibition,  indicating  that  loss  of  p53  function 
contributes  importantly  to  the  malignant  progression  of  human  bronchial  epithelial  cells.  In 
addition,  the  combination  of  p53  knockdown  and  oncogenic  K-RASV1~  enhanced  these  changes 
further,  suggesting  these  two  genetic  alterations  have  additive  effects  on  tumorigenicity.  Taken 
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together,  these  results  show  that  this  model  system  provides  a  powerful  new  approach  to  assess 
the  contribution  of  individual  genetic  alterations  in  human  bronchial  epithelial  cells  in  the 
malignant  process. 

Ras  was  first  identified  as  an  oncogene  by  virtue  of  its  ability  to  overcome  cell-cell 
contact  inhibition  of  proliferation  and  this  ability  has  been  well  documented  in  many  types  of 
cells  (33,  34).  In  the  present  study,  not  only  oncogenic  K-RASV12  but  also  p53  knockdown 
resulted  in  partial  loss  of  contact  inhibition  and  the  combination  of  them  enhanced  this  ability. 
Recently,  Meerson  et  al.  reported  results  consistent  with  this  finding  (35).  They  demonstrated 
that  p53  knockdown  in  WI38  human  embryonic  lung  fibroblasts  reduced  density-dependent 
inhibition  of  growth  by  abolishing  G1  phase  arrest.  While  density-dependent  inhibition  of 
growth  is  a  complex  phenomenon  and  its  precise  mechanism  is  not  well  understood,  this 
phenomenon  is  thought  to  be  indicative  of  tumorigenic  potential.  Thus,  their  results  and  ours 
suggest  that  p53  may  function  as  a  tumor  suppressor  even  when  the  cells  are  not  under  stresses 
such  as  genotoxic  damage  and  irradiation.  Recently,  other  studies  also  reported  that  p53  function 
is  involved  in  regulating  cell  motility  and  adhesion  (36,  37). 

It  is  unclear  how  the  mutant  KRAS  transfected  HBECs  preferentially  express  the  mutant 
compared  to  wild  type  KRAS  allele.  These  cells  express  mutant  KRAS  mRNA  predominantly 
without  changing  the  total  KRAS  protein  levels,  suggesting  that  wild  type  KRAS  expression  is 
suppressed  at  the  transcriptional  level  in  these  cells.  The  mechanism  of  transcriptional  regulation 
of  KRAS  has  not  been  fully  elucidated  and  we  are  unable  to  explain  the  mechanism  of  this 
observation.  However,  the  hypothesis  that  oncogenic  ras  inhibits  the  transcription  of  wild  type 
ras  is  compatible  with  our  observations.  Since  the  tumor  suppressor  function  of  wild-type  Kras 
has  been  demonstrated  in  mice,  one  possibility  is  that  mutant  ras  exerts  its  oncogenic  ability  in 
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part  by  suppressing  the  expression  of  wild-type  ras.  This  hypothetical  function  of  oncogenic  ras 
seems  very  attractive  in  terms  of  better  understanding  the  mechanism  of  oncogenic  ras,  and  thus 
it  will  be  of  interest  to  further  investigate  these  findings. 

Previous  studies  have  found  high  levels  of  EGFR  expression  in  both  immortalized  and 
non-immortalized  human  bronchial  epithelial  cells  (38).  EGF  supplementation  also  results  in  a 
slight  increase  of  growth  rate  at  normal  cell  density  in  human  bronchial  epithelial  cells  (38). 
Several  studies  have  shown  the  existence  of  an  EGFR  autocrine  loop  involving  EGF,  TGF-a,  and 
amphiregulin  in  human  bronchial  epithelial  cells  (39,  40).  In  addition,  tobacco  smoke  induces 
proliferation  of  primary  bronchial  epithelial  cell  through  an  EGFR  autocrine  loop  mediated  by 
tumor  necrosis  factor-a  converting  enzyme  and  amphiregulin,  suggesting  tobacco  smoke 
induction  of  the  EGFR  autocrine  loop  in  lung  cancer  pathogenesis  (41).  In  the  present  study  we 
found  that  HBEC3  cells  expressed  high  level  of  EGFR  that  was  stimulated  to  phospho-EGFR 
with  EGF  while  their  colony  forming  ability  in  both  liquid  and  soft  agar  was  highly  dependent  on 
EGF  supplementation.  Signal  transduction  studies  in  HBEC3  cells  suggest  that  this  may  in  part 
be  due  to  the  upregulation  of  the  Akt  pathway.  With  p53  knockdown  and  KRAS  oncogenic 
manipulation  the  EGF  dependence  was  partially  relieved,  suggesting  the  potential  for  auctocrme 
growth  factor  production.  Thus,  previous  studies  and  our  results  suggest  that  EGF  autocrine  loop 
may  play  an  important  role  in  cell  proliferation  and  tumorigenic  progression  of  human  bronchial 
epithelial  cells 

Gefitinib  (Iressa®)  and  erlotinib  (Tarceva®)  are  orally  available  TKIs  that  target  EGFR 
(42-45).  Gefitinib  has  been  approved  as  a  third-line  therapy  for  NSCLC  patients.  Erlotinib  has 
been  shown  to  be  active  and  well  tolerated  in  patients  with  NSCLC,  providing  survival  benefit 
(  46).  While  these  drugs  are  being  developed  as  anticancer  drugs,  recent  studies  have  shown  that 
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gefitinib  inhibits  cell  proliferation  in  immortalized  normal  or  precancerous  breast  cells, 
supporting  its  role  as  a  chemopreventive  agent  (47).  Since  we  found  robust  expression  of  EGFR 
in  HBEC3  cells  and  their  high  dependency  of  growth  on  EGF,  we  considered  the  possibility  that 
TKIs  are  also  effective  in  oncogenically  manipulated  HBEC3  cells.  We  observed  that  lpM  of 
gefitinib  or  erlotinib  dramatically  inhibited  both  anchorage-dependent  and  independent  cell 
growth  of  HBEC3  cells.  Apoptosis  and  cell  cycle  analyses  showed  that  this  inhibition  was 
caused  mainly  by  not  apoptosis  but  G1  cell  cycle  arrest,  which  is  consistent  with  previous  papers 
reporting  that  gefitinib  and  erlotinib  induce  G1  cell  cycle  arrest  in  several  types  of  cells  (48-52)  . 
These  results  provide  part  of  a  preclinical  rationale  for  the  development  of  these  drugs  for  the 
prevention  of  human  lung  cancer.  It  is  important  to  point  out  that  the  concentrations  used  in  the 
present  studies  are  actually  achieved  in  patients  with  current  standard  drug  practices  (53,  54).  In 
addition,  interestingly,  we  found  that  G2/M  fraction  significantly  increase  with  the  combination 
of  p53  knock  down  and  mutant  KRAS  cells  compared  to  either  oncogenic  manipulation  alone. 
We  speculate  that  in  the  presence  of  intactd  p53  function,  cell  cycle  progression  induced  by 
mutant  KAS  in  HBECcells  is  suppressed  by  the  ability  of  p53  to  induce  G1  arrest,  while  in  the 
absence  of  p53,  mutant  KAS  exerts  its  ability  to  progress  cell  cycle  from  G1  to  S  phases, 
resulting  in  significantly  increased  G2/M  phase  fraction.  Consistent  with  this  hypothesis,  one 
paper  showed  that  ectopic  expression  of  mutant  N-RAS  impaired  the  G1  and  G2  cell  cycle  arrest 
only  in  p53-defective  cells  (55).  In  addition,  it  will  be  interesting  to  see  whether  similar  types  of 
cell  cycle  deregulation  are  also  found  when  mutant  EGFR  is  combined  with  loss  of  p53  function 
in  these  cells. 

Introduction  of  tyrosine  kinase  domain  EGFR  mutants  enhanced  anchorage-independent 
growth  of  HBEC3s  providing  evidence  of  their  oncogenic  properties.  In  addition,  signal 
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transduction  analysis  demonstrated  that  they  stimulated  Akt  and  STAT3  but  not  Erkl/Erk2 
signals,  consistent  with  previously  reported  results  (26).  Our  discovery  of  DUSP6/MKP-3 
rnRNA  upregulation  in  mutant  EGFR  transfectants  provides  an  explanation  for  this.  Since 
DUSP6/MKP-3  protein  is  a  dual-specificity  phosphatase  that  dephosphorylates  the  active  from 
of  ERK  (27,  28),  it  is  possible  that  Erkl/Erk2  phosphorylation  in  EGFR  mutant  cells  is  down 
regulated  by  DUSP6/MKP-3.  In  addition,  the  findings  that  Akt  and  STAT3  were  not  highly 
phosphorylated  in  FIBECs  that  showed  robust  level  of  phosphorylated  EGFR  suggests  that  a 
negative  feedback  regulatory  pathways  may  be  activated  for  Akt  and  STAT3  as  well,  and  that  the 
mutant  EGFRs  bypass  this  regulation. 

While  p53  knockdown,  K-RASV12  and  mutant  EGFR  progress  HBEC3  cells  toward 
malignancy,  the  manipulated  cells  are  not  fully  malignant.  What  additional  genetic  alterations 
are  required  for  full  malignant  transformation  in  HBEC3  cells?  For  this  question  there  may  be  a 
clue  from  recent  work  of  Flahn  et  al,  who  demonstrated  that  defined  genetic  alterations  including 
the  early  region  of  the  SV40  genome,  the  hTERT  gene,  and  an  oncogenic  allele  of  H-ras  resulted 
in  malignant  transformation  in  human  embryonic  epithelial  and  fibroblast  cells  (56).  By 
precisely  analyzing  the  early  region  of  SV40  they  have  shown  that  small  t  antigen  which  is 
transcribed  from  the  early  region  together  with  large  T  antigen  may  play  an  important  role  in 
carcinogenesis.  Small  t  antigen  has  been  shown  to  bind  and  to  target  phosphatase  2A  (PP2A), 
which  regulates  the  RAS/MAPK  cascade.  Our  unpublished  studies  have  shown  no  mutation  but 
frequent  loss  of  PP2A  expression  in  lung  cancer,  raising  the  possibility  that  PP2A  is  involved  in 
lung  carcinogenesis.  Thus,  a  next  step  would  be  to  inactivate  PP2A  in  HBEC3  cells  in  addition 
to  p53  knockdown  and  K-RASV12.  It  will  also  be  of  interest  to  introduce  other  genetic  alterations 
observed  in  lung  cancer  such  as  MYC  family  overexpression,  FHIT  inactivation,  RASSF1A 
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inactivation,  and  PTEN  inactivation.  Although  we  used  previously  reported  target  sequence  for 
p53  knockdown  which  has  also  been  used  in  several  papers  (17,  18,  57),  and  has  no  other 
BLAST  hits,  we  are  unable  to  completely  exclude  the  possibility  that  off-target  effects  might 
affect  our  phenotypic  analysis. 

In  conclusion,  we  have  shown  that  using  the  immortalized  human  bronchial  epithelial  cell 
model,  p53  knockdown,  K-RASV12  and  mutant  EGFR  in  the  presence  of  pl6  bypass  and  human 
telomerase,  contribute  to  lung  cancer  tumorigenesis  but  additional  genetic  alterations  are 
required  for  full  malignant  transformation  of  human  bronchial  epithelial  cells.  In  addition,  we 
note  p53  knockdown  relaxes  the  dependence  on  EGF  in  the  presence  of  both  wild-type  and 
mutated  EGFR.  However,  these  oncogenically  manipulated  HBEC  cells  remain  highly 
dependent  on  EGFR  signaling  for  expression  of  key  portion  of  the  malignant  phenotype.  This 
dependence  along  with  activated  EGFR  in  bronchial  preneoplasia  suggests  the  use  of  EGFR 
inhibition  by  TKIs  as  chemoprevention  agents  for  lung  cancer. 
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Figure  legends 

Figure  1.  Characterization  of  p53  knocked  down  and  K-RASV1“  expressing  HBEC3  cells.  A, 
western  blots  showing  the  suppression  of  p53,  p21WAF1/cn>1,  and  K-RAS  in  p53RNAi,  mutant  K- 
RASV12,  and  p53RNAi  and  mutant  K-RASV12  expressing  HBEC3  cells.  p53  and  p21WAF1/CIP1  are 
clearly  knocked  down  in  p53RNAi  expressing  cells,  while  the  expression  levels  of  K-RAS  in  K- 
RASVi2  transfected  and  p53RNAi  and  K-RASVI2  transfected  HBEC3  cells  approximate  that  of 
vector  alone  transfected  HBEC3  cells  B,  Restriction  fragment  length  polymorphism  analysis  of 
K-RAS  cDNA  showing  mutant  K-RASV12  transcripts  are  predominantly  expressed  in  mutant  K- 
RASV12  expressing  and  p53RNAi  and  mutant  K-RASV12  expressing  HBEC3  cells.  H2122  and 
HI  299  are  used  as  positive  control  for  mutant  K-RASV12  and  wild-type  K-RAS,  respectively. 
Brummelkamp  et  al  reported  a  new  vector  system,  named  pSUPER,  which  generated  small 
interfering  RNAs  (siRNAs)  in  mammalian  cells  to  functionally  inactivate  p53  (18). 

Subsequently,  they  developed  a  retroviral  version  of  pSUPER,  named  pSUPER.ret  (pRS),  to 
obtain  stable  knockdowns  and  demonstrated  stable  and  specific  knockdown  of  oncogenic  K- 
RASV12  (17).  To  see  the  long-term  effect  of  p53  inactivation  we  used  the  pSUPER.ret  system  for 
p53  knockdown.  Since  a  puromycin  resistant  gene  in  pRS  was  already  integrated  in  HBEC3  in 
the  process  of  introducing  Cdk4,  we  developed  pRS-zeocin  vector  (pSRZ)  by  replacing  the 
puromycin  resistant  gene  in  pRS  vector  with  a  zeocin  resistant  gene.  Subsequently,  the 
published  p53  target  siRNA  sequence  was  cloned  into  pSRZ  (17,  18),  yielding  pSRZ-p53  vector. 
C,  Increased  saturation  density  in  p53  RNAi  and  mutant  K-RASV1~  expressing  HBECs.  2,000 
HBEC3  cells  were  cultured  in  triplicate  12-well  plates  and  counted  every  3  days.  Solid  circle, 
diamond,  triangle,  and  square  represent  vector,  p53RNAi,  mutant-  K-RASV12,  and  p53RNAi  and 
mutant-  K-RASV12  expressing  HBEC3  cells,  respectively.  D,  cells  were  grown  as  described  in 
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Fig.  1C  and  pictures  were  taken  on  day  12.  E,  liquid  colony  formation  assay  for  vector, 
p53RNAi,  mutant  K-RASV12,  and  p53RNAi  and  mutant  K-RASV12  expressing  HBEC3  cells  in 
the  presence  or  absence  of  EGF  (5  ng/ml).  A  total  of  200  cells  were  plated  per  dish  and  cultured 
for  2  wks  before  staining  with  methylene  blue.  F,  Quantitation  of  the  number  of  colonies  in  the 
absence  of  EGF.  The  data  represent  the  mean+SD  of  three  independent  experiments.  *,  P  <  0.01 , 
One-way  ANOVA  with  Bonferroni’s  post  test. 

Figure  2.  Effect  of  p53  knock  down  and  mutant  K-RASV12  on  three-demensinal  organotypic 
culture  of  HBEC3  cells.  A,  Stained  paraffin  cross-sections  of  organotypic  cultures  of  HBEC3 
cells  demonstrated  that  they  formed  a  confluent  layer  of  cells  on  the  upper  surface  of  the  culture 
with  the  presence  of  cilia-like  structures.  B,  (Low  magnification)  and  C,  (High  magnification) 
p53RNAi  and  mutant  K-RASV12  expressing  HBEC3  cells  showed  a  histologic  change  similar  to 
metaplasia  and  dysplasia  and  they  invaded  into  the  fibroblast  and  collagen  under  layer. 

Figure  3.  Gefitinib  and  erlotinib  inhibited  the  growth  of  HBEC3  cells  by  inducing  G1  cell  cycle 
arrest.  A,  Effect  of  gefitinib  and  erlotinib  on  liquid  colony  formation  of  HBEC3  cells.  A  total  of 
200  cells  were  treated  with  1  pM  of  gefitinib  or  erlotinib  in  triplicate  100mm  plates  in  the 
presence  or  the  absence  of  5ng/ml  of  EGF  and  cultured  for  2  wks  before  staining  with  methylene 
blue.  B,  PARP  western  blot  for  HBEC3  cells  treated  with  1  pM  of  gefitinib  or  erlotinib  or 
0. 1  %DMSO  for  48  hours.  Actin  is  used  as  loading  control.  HCC827  cell  line,  which  has  been 
shown  to  be  highly  sensitive  to  gefitinib  treatment,  is  used  as  positive  control  (19).  Cleaved  89- 
kDa  fragment  is  significantly  increased  in  HCC827  cells  but  not  detected  in  any  of  HBEC3  cells 
after  the  treatment.  C,  Fluorescence-activated  cell-sorting  profiles  of  vector  (Control)  or  p53 
RNAi  and  mutant  KRASV12  expressing  HBEC3  cells  treated  with  1  pM  of  gefitinib  or  erlotinib 
or  0.1%DMSO  for  48  hours.  Cells  were  harvested  after  the  treatment,  stained  with  propidium 
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iodide,  and  analyzed  by  using  the  flow  cytometer.  Horizontal  and  vertical  axes  represent  DNA 
content  and  cell  number,  respectively.  G1  fraction  is  significantly  increased  in  both  HBEC3 
cells,  with  the  reduction  of  S  and  G2/M  fractions  after  the  treatment  of  gefitinib  or  erlotinib.  In 
the  DMSO  control  G2/M  fraction  is  significantly  increased  in  p53  RNAi  and  mutant  KRAS 
expressing  HBEC3  cells  compared  to  vector  expressing  HBEC3  cells.  Both  in  control  and 
treated  cells,  cell  cycle  distributions  of  p53  RNAi  and  mutant  KRASV12  alone  expressing  HBEC3 
cells  are  similar  to  that  of  vector  expressing  HBEC3  cells. 

Figure  4.  Transduction  analysis  for  oncogenically  manipulated  HBEC3  cells. 

A,  Effect  of  K-RASV12  and  EGF  supplementation  on  expression  of  pEGFR,  pMEK,  pERK,  and 
pAkt.  HBEC3  cells  were  grown  in  the  presence  or  absence  of  5  ng/ml  of  EGF,  and  were 
immunoblotted  to  detect  phospho-EGFR,  EGFR,  phospo-MEKl/2,  MEK1/2,  phsopho-ERK, 
ERK,  phosphor- Akt  (Thr308)  and  Akt.  Actin  was  used  as  loading  control.  B,  Effect  of  wild- 
type  and  mutant  EGFR  introduction  on  expression  of  pEGFRs,  pSTAT3,  pERK,  and  pAkt  in 
HBEC3  cells.  Wild-type  or  mutant  EGFR  introduced  HBEC3  cells  were  grown  in  the  absence  of 
EGF,  and  were  immunoblotted  to  detect  phospho-EGFRs  (Y1068,  Y1045,  Y992,  and  Y845), 
EGFR,  phospho-STAT3,  phospho-Akt  (Y473),  and  phsopho-ERK.  Actin  was  used  as  loading 
control.  C,  soft  agar  colony  formation  assay  for  oncogenically  manipulated  HBEC3  cells.  A 
total  1 ,000  of  each  HBEC3  cell  strains  were  plated  in  agar  and  4  wks  later  microscopically 
visible  colonies  were  counted.  The  data  represent  the  mean+SD  of  three  independent 
experiments.  *,  P<  0.01,  One-way  ANOVA  with  Bonferroni’s  post  test,  #,  p< 0.01  by  Mann- 
Whitney  test,  and  ##,  p<0.001  by  Mann- Whitney  test.  D,  Microarray  analysis  and  real-time  PCR 
validation  for  DUSP6/MKP-3  gene.  Columns,  fold  changes  of  the  mRNA  levels  of 
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DUSP6/MKP-3  gene  relative  to  those  of  GAPDH  gene  in  HBEC3  cells  transfected  with  wild- 
type  or  mutant  EGFR. 
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TahiP  i.  Tnmnriaenicitv  assav  in  nude  mice  for  HBEC3  cells 

Cell  Line 

#of 

nude 

mice 

injected 

#  of 
cells 
per 

mouse 

Observation 
period  (days) 

%  Tumors 

NC1-H358 

10 

5X1 06 

90 

100 

NCI-H441 

5 

5X1 0s 

61 

100 

NCI-H1299 

HBEC3 

40 

5X1 06 

17-38 

100 

HBEC3 

Nontreated 

5 

1X107 

90 

0 

HBEC3 

K-RASV12 

5 

5X1 06 

90 

0 

HBEC3 

p53RNAi 

5 

5X1 06 

90 

0 

HBEC3 

p53RNAi  and  K-RASV1Z 

5 

5X1 06 
2.5X10 

90 

0 

HBEC3 

HBEC3 

p53RNAi  and  K-RASV12 
with  matrigel 

5 

6 

2.5X10 

90 

0 

HBEC3 

p53  RNAi  and  EGFR-L858R 

5 

6 

90 

0 

Table  2.  Soft  agar  colony  formation  assay  for  HBEC3  cells  treated  with  gefitinib  or  erlotinib 

HBEC3  ______ 


p53RNAi  and  K- 

Vector _ p53RNAi _ K-RASV12 _ RASV1 2 _ 


EGF(+) 

DMSO 

1 .3+0.47 

11+1.6 

5.7+1 .2 

23+2.1 

Gefitinib 

(IpM) 

0 

0 

0 

0 

Erlotinib 

(VM) 

0 

0 

0 

0 

EGF(-) 

DMSO 

0 

0 

0 

1.3+0.94 

Gefitinib 

(luM) 

0 

0 

0 

0 

Erlotinib 

duM) 

0 

0 

0 

0 

Number  of  colonies  after  14  days  are  shown  as  average+SD.  1,000  HBEC3  cells  were  plated  in  agar  and 


treated  with  1  liM  of  gefitinib  or  erlotinib  in  triplicate  1 2-well  platesfor  up  to  2  weeks  in  the  presence  or  the 
absence  of  EGF  and  colonies  (50-100  cells)  were  counted. 
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Table  3.  Effect  of  Gefitinib  and  Erlotinib  on  cell  cycle  progression  in  HBEC3  cells - _ 

Nontreated 

(DMSO) _ Gefitinib/Erlotinib 


S  G2/M _ G1 _ S  G2/M 


Vector 

^  1 

45.4+0.2 

27.5±6.0 

28.7+3.9 

76.6+5.6** 

2. 6+0. 5* 

28.0+2.0 

p53RNAi 

41 .4+2.9 

27.6+3.7 

31 .0+4.5 

69.5+0.2** 

7. 4+2. 8** 

27.0+3.4 

KRASV12 

49.5+6.3 

31.7+10.6 

17.8+12.2 

81 .4+4.6** 

77+2.4 

16.6±2.8 

p53RNAi  and  KRASV12 

12.9±3.2 

11.8+6.2 

73.7+3.8 

25.6+4.8** 

5.3+1 .2 

70.8+3.7 

“Percentages  (mean+S.D.),  *P<0.05;  *P<0.01  in  comparison  with  the  respective  control. 
Averaged  values  of  three  independent  experiments  are  shown. 

Watson  Pragmatic  algorithm  was  used  to  calculate  each  cell  cycle  distribution. 

Since  the  algorithm  contains  approximations,  total  of  each  distribution  is  not  exactly  1 00%. 
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The  goals  of  chemoprevention  of  cancer  are  to  inhibit 
the  initiation  or  suppress  the  promotion  and  progression 
of  preneoplastic  lesions  to  invasive  cancer  through  the 
use  specific  natural  or  synthetic  agents.  Therefore,  a 
more  desirable  and  aggressive  approach  is  to  eliminate 
aberrant  clones  by  inducing  apoptosis  rather  than 
merely  slowing  down  their  proliferation.  The  increased 
understanding  of  apoptosis  pathways  has  directed 
attention  to  components  of  these  pathways  as  potential 
targets  not  only  for  chemotherapeutic  but  also  for 
chemopreventive  agents.  Activation  of  death  receptors 
triggers  an  extrinsic  apoptotic  pathway,  which  plays  a 
critical  role  in  tumor  immunosurveillance.  An  increasing 
number  of  previously  identified  chemopreventive  agents 
were  found  to  induce  apoptosis  in  a  variety  of  premalig- 
nant  and  malignant  cell  types  in  vitro  and  in  a  few  animal 
models  in  vivo.  Some  chemopreventive  agents  such  as 
non-steroidal  anti-inflammatory  drugs,  tritepenoids,  and 
retinoids  increase  the  expression  of  death  receptors. 
Thus,  understanding  the  modulation  of  death  receptors 
by  chemopreventive  agents  and  their  implications  in 
chemoprevention  may  provide  a  rational  approach  for 
using  such  agents  alone  or  in  combination  with  other 
agents  to  enhance  death  receptor-mediated  apoptosis 
as  a  strategy  for  effective  chemoprevention  of  cancer. 

Keywords:  apoptosis;  chemoprevention;  chemopreventive 
agents;  death  receptors. 


Introduction 

Epithelial  carcinogenesis  is  a  multi-year  (sometime 
decade-long)  process  of  clonal  selection  and  evolution 
of  genetically  damaged  cells,  leading  to  the  abnormal 
precancer  phenotype  that  eventually  becomes  invasive 
cancer.  Therefore,  carcinogenesis  is  a  chronic  disease  pro¬ 
cess.  This  nature  of  carcinogenesis  provides  a  strong  ratio¬ 
nale  for  cancer  intervention  or  prevention  as  an  attractive 
strategy  to  control  cancer  incidence  and  mortality.  If  such 
a  process  is  arrested,  delayed,  or  reversed,  cancer  incidence 
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may  be  markedly  reduced,  eventually  leading  to  a  de¬ 
cline  in  cancer  mortality  rates.  Such  an  approach  is  called 
chemoprevention,  which  is  defined  as  the  use  of  pharma¬ 
cological  or  natural  agents  to  inhibit  the  development 
of  invasive  cancer  either  by  blocking  the  DNA  damage 
that  initiates  carcinogenesis  or  by  arresting  or  reversing 
the  progression  of  premalignant  cells  in  which  such  dam¬ 
age  has  already  occurred."  Several  thousand  agents  have 
been  reported  to  have  chemopreventive  activity.4  Some 
of  the  promising  agents  and  agent  combinations  have 
been  evaluated  clinically  for  chemoprevention  of  major 
cancer  types  for  the  past  few  decades.'  Clinical  practice 
of  chemoprevention  has  shown  some  success  in  reversing 
premalignant  lesions,  reducing  the  risk  of  developing  sec¬ 
ond  primary  tumors,  and  decreasing  cancer  incidence.4, ' 
Thus,  chemoprevention  has  emerged  as  an  integral  part 
of  cancer  control. 

Apoptosis  or  programmed  cell  death  is  a  genetically 
controlled  mechanism  essential  for  the  maintenance  of 
tissue  homeostasis,  proper  development,  and  the  elimi¬ 
nation  of  unwanted  cells.  Thus,  it  represents  a  universal 
and  exquisitely  efficient  endogenous  or  induced  cellular 
suicide  pathway  and  can  be  induced  in  many  cell  types 
via  numerous  physiological,  biochemical  and/or  noxious 
stimuli."  Because  defects  in  apoptotic  pathways  or  the 
inhibition  of  apoptosis  play  important  roles  in  cancer  de¬ 
velopment  or  carcinogenesis, x  targeting  the  induction  of 
apoptosis  in  premalignant  or  malignant  lesions  may  se¬ 
lectively  eliminate  aberrant  precancerous  clones  or  cancer 
cells  while  sparing  normal  cells.  Therefore,  the  induction 
of  apoptosis  should  be  efficient  not  only  for  chemother¬ 
apy  but  also  for  chemoprevention.  In  comparison  with 
other  strategies  that  merely  slow  down  proliferation,  the 
induction  of  apoptosis  appears  to  be  a  more  desirable  and 
aggressive  chemopreventive  approach  to  eliminate  aber¬ 
rant  clones  (reviewed  in  4). 

Death  receptors  are  key  components  in  the  extrinsic 
apoptotic  pathway. 111  Their  activation  due  to  ligand  bind¬ 
ing  or  increased  expression  triggers  an  extrinsic  apoptotic 
signaling  pathway  leading  to  apoptosis.  The  expression 
of  death  receptors  is  inducible  by  many  small  molecules 
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including  some  chemopreventive  agents.  This  review  ar¬ 
ticle  will  highlight  the  recent  studies  on  the  modulation 
of  death  receptors  by  chemopreventive  agents  and  discuss 
their  implications  in  chemoprevention. 


Death  receptor-mediated  apoptotic  pathway 

There  are  generally  two  major  apoptotic  pathways:  the 
first  involves  signals  transduced  through  death  receptors; 
the  second  relies  on  a  signal  from  mitochondria.  Both 
pathways  are  involved  in  a  concerted  activation  of  a  set 
of  cysteine  proteases  called  caspases,  which  in  turn  cleave 
cellular  substrates  and  result  in  the  characteristic  morpho¬ 
logical  and  biochemical  changes  constituting  the  process 
of  apoptosis  (reviewed  in :  ')  (Figure  I). 

Death  receptors,  including  tumor  necrosis  factor  (TNF) 
receptor  (TNFR),  Fas  (CD95  or  APO-1),  DR3,  DR4 
(TRAIL-R 1),  DR5  (TRAIL-R2)  and  DR6,  belong  to 
the  TNF  receptor  gene  superfamily.  They  are  defined 
by  similar,  cysteine-rich  extracellular  domains  and  ad¬ 
ditional  cytoplasmic  death  domains  (reviewed  in  '1).  The 
death  domain  is  crucial  for  transmitting  the  death  signal 
from  the  cell  surface  to  intracellular  signaling  pathways. 
Upon  ligand  binding  or  overexpression,  death  receptors 
such  as  Fas  are  clustered  to  form  a  trimer  in  the  cell 
membrane,  which  results  in  recruitment  of  adaptor  pro¬ 
teins  such  as  Fas-associated  death  domain  (FADD)  via 
death  domain  interactions.  The  FADD  protein,  contain¬ 
ing  both  a  death  domain  and  an  additional  protein  in¬ 
teraction  domain  called  a  death  effector  domain  (DED), 
further  binds  via  DED  interactions  to  caspase-8,  and  pos¬ 
sibly  caspase-10,  resulting  in  the  recruitment  and  au¬ 
toactivation  of  caspase-8.  This  process  is  referred  to  as 
the  formation  of  the  death-inducing  signaling  complex 
(DISC),  an  essential  step  in  the  activation  of  the  extrin¬ 
sic  apoptotic  pathway.  The  activated  caspase-8  then  acts 
to  cleave  and  activate  downstream  effector  caspases  such 
as  caspase-3."  In  addition  to  directly  activating  the 
downstream  effector  caspases,  death  receptors  also  indi¬ 
rectly  activate  them  through  Bid-mediated  cytochrome  C 
release  and  subsequent  caspase-9  activation  because  Bid 
is  a  substrate  of  caspase-8  and  can  be  cleaved  or  activated 
by  caspase-8.'  Thus,  Bid,  a  BH3-only  protein  of  the 
bcl-2  family,  provides  a  link  and  an  integration  between 
t  he  extrinsic  death  receptor  and  intrinsic  mitochondrial 
apoptotic  pathways. 

Although  TNFR  and  Fas  have  been  extensively 
studied,  DR4  and  DR5  recently  have  attracted  con¬ 
siderable  attention  since  their  ligand  TNF-related 
apoprosis-inducing  ligand  (TRAIL)  has  been  shown  to 
predominantly  induce  apoptosis  of  cancer  cells,  while 
sparing  normal  cells,  showing  a  great  potential  in  cancer 
therapy  (reviewed  in  ~  ).  Like  Fas,  both  DR4  and 

DR5  primarily  act  as  inducers  of  apoptosis,  distin- 


Figure  1.  Schema  for  basic  apoptotic  signaling  pathways.  Lig¬ 
ation  of  death  ligands  (e.g.  FasL  or  TRAIL)  with  their  receptors 
(e.g.  Fas  or  DR4  and  DR5)  results  in  activation  of  caspase-8 
(Casp-8)  through  a  death  adaptor  protein  FADD.  Certain  stress 
signals  (e.g.  DNA  damage)  can  target  mitochondria  and  induce 
cytochrome  C  (Cyt.  C)  release  from  mitochondria  into  cytosol 
leading  to  caspase-9  (Casp-9)  activation  via  binding  to  Apaf-1 . 
Both  caspase-8  and  caspase-9  activate  downstream  caspase-3 
(Casp-3),  caspase-6  (Casp-6)  and  caspase-7  (Casp-7)  leading 
to  cleavages  of  their  target  proteins  such  as  PARP,  DFF45  and 
lamins.  In  addition,  truncated  Bid  (tBid),  activated  by  caspase-8 
via  cleavage,  facilitates  insertion  of  BAX  into  mitochondrial  mem¬ 
brane  leading  to  Cyt.  C  release.  Therefore,  tBid  may  serve  as  a 
link  between  death  receptor-  and  mitochondria-mediated  apop¬ 
totic  pathways.  Inhibitors  of  apoptosis  proteins  (lAPs)  can  bind 
to  activated  Casp-9  and  prevent  its  action  on  effector  caspases 
(e.g.  Casp-3),  whereas  Smac  binds  to  IPAs,  leaving  Casp-9  free 
to  activate  Casp-3. 


Death  ligand 
(e.g.  FasL  or  TRAIL) 


guishing  them  from  TNFR,  which  mainly  activates  the 
non-apoptotic  gene-inducing  functions  such  as  NF-/cB 
and  JNK  activation. 1 "  Currently,  DR4  and  DR5  are 
important  targets  for  cancer  therapy  (reviewed  in1 '' 1(l' 1  ). 


Death  receptors,  tumor  immunosurveillance, 
and  carcinogenesis 

Cancer  can  be  considered  a  cell  clonal  expansion  disease. 
The  process  of  clonal  expansion  involves  genetic  instabil¬ 
ity,  which  may  result  in  some  clones  becoming  predomi¬ 
nant  and  tumorigenic.  The  growth  advantage  of  aberrant 
cells  or  clones  results  from  uncontrolled  proliferation  and 
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a  loss  of  the  ability  to  undergo  differentiation  and  apop¬ 
tosis.  Very  importantly,  the  aberrant  cells  or  clones  must 
build  up  immunosuppressive  barriers  to  withstand  or 
overcome  host  immune  defense  or  surveillance  mecha¬ 
nism  (reviewed  in  '  ’). 

immune  surveillance  against  tumors  is  mediated 
Dy  both  innate  and  adaptive  components  of  cellular 
immunity.  The  most  crucial  guardians  seem  to  be  nat¬ 
ural  killer  (NK)  cells  (innate  immunity)  and  cytotoxic 
T-cells  (CTLs)  (adaptive  immunity).  One  of  the  mech¬ 
anisms  by  which  activated  NK  cells  or  CTLs  destroy 
malignant  (or  virus-infected)  cells  is  mediated  through 
membra-bound  variants  of  the  death  ligands  CD95L  and 
TRAIL,  which  induce  apoptosis  in  the  target  cells  via  ac¬ 
tivation  of  their  corresponding  death  receptors  (reviewed 
in  ).  This  process  can  be  further  enhanced  by 

interferon  y  produced  by  activated  NK-  and  T  cells 
by  sensitizing  for  death  receptor-induced  apoptosis  and 
by  upregulation  of  TRAIL.  1  Thus,  the  expression  of 
death  receptors  (e.g. ,  Fas  or  DR4  and  DR5)  in  prema- 
lignant  and  malignant  ceils  is  a  prerequisite  for  immune 
cells  ro  recognize  and  eliminate  premalignant  and  ma¬ 
lignant  cells  through  death  ligand  and  death  receptor 
interaction. 

Accordingly,  it  is  understandable  that  one  effective 
way  for  premalignant  and  malignant  cells  to  escape  im- 
munosurveillance  is  to  downregulate  or  inactivate  death 
receptors  on  their  membrane  surface.  Mutation  analyses 
of  the  Fas  gene  have  demonstrated  that  Fas  mutation  oc¬ 
curs  in  0-65%  of  hematopoietic  malignancies  and  0-28% 
of  solid  tumors.  Among  the  hematopoietic  malignancies, 
high  frequencies  of  Fas  mutations  occur  in  thyroid  lym¬ 
phoma  (65.4%),  cutaneous  T-cell  lymphoma  (59%),  and 
nasal  NK/T  cell  lymphoma  (50%).  Among  solid  tumors, 
Fas  mutations  occurs  frequently  in  bladder  transitional 
cell  carcinoma  (28%)  and  burn  scar-related  squamous  cell 
carcinoma  (1.4.3%)  (reviewed  in"').  Compared  to  Fas,  mu¬ 
tation  analyses  of  DR4  and  DR5  have  been  performed  less 
widely  in  human  cancers.  In  general,  the  frequencies  of 
DR4  and  DR  5  mutations  in  detected  cancers  are  low 
(0—1  0.6%)  (reviewed  in  ). 

In  addition  to  mutations,  downreguladon  of  death  re¬ 
ceptor  expression  has  also  been  documented.  Decreased 
expression  of  Fas  was  observed  in  hepatomas  compared 
to  normal  hepatocytes.  Analysis  of  clinical  cancer  tis¬ 
sues  in  normal  cervical  samples  and  different  grades  of 
cervical  intraepithelial  neoplasia  (CIN)  samples  revealed 
that  the  frequency  of  Fas-positive  staining  decreased  with 
the  increasing  severity  of  CIN.  1  Analysis  of  small  cell 
lung  cancer  (SCLC)  tumors  revealed  reduced  levels  of  Fas 
and  DR4  mRNA  compared  to  non-small  cell  lung  can¬ 
cer  (NSCLC)  tumors.  The  downreguladon  of  Fas  and 

DR4  expression  was  likely  the  consequence  of  methyla- 
tion  of  their  gene  promoters.  Although  methylation  of 
DR4  and  DR  5  are  generally  rare  in  many  cancer  types, 


a  recent  study  identified  a  high  frequency  of  DR4  methy¬ 
lation  (41%)  in  sporadic  phaeochromocytomas."s 

Rather  than  downregulate  death  receptors,  tumor  cells 
sometimes  overexpress  decoy  receptors  (DcRs),  which  lack 
a  functional  intracellular  death  domain  and  thereby  com¬ 
pete  with  death  receptors  for  death  ligands  to  antagonize 
apoptosis  mediated  by  the  binding  of  death  ligands  and 
death  receptors.1'1  The  gene  coding  for  DcR3,  a  secreted 
protein  that  binds  FasL,  is  amplified  in  about  50%  of  lung 
and  colon  cancers." '  In  addition,  DcR3  is  overexpressed  in 
carcinomas  of  the  stomach,  esophagus  and  rectum  inde¬ 
pendently  of  gene  amplification.  11  Cells  that  overexpress 
DcR3  presumably  have  a  survival  advantage  because  of 
their  ability  to  resist  FasL-mediated  attack  by  cytotoxic 
lymphocytes,  although  the  role  of  DcR3  in  tumorigenesis 
remains  unclarified.  Although  DcRl  and  DcR2  are  gen¬ 
erally  downregulated  in  many  types  of  cancer,"  one  study 
showed  that  DcRl  expression  was  enhanced  in  primary 
tumors  of  the  gastrointestinal  tract.  1  It  is  possible  that 
DcR  overexpressing  tumors  may  gain  a  selective  growth 
advantage  by  escaping  from  death  ligand/death  receptor- 
induced  apoptosis. 

Signaling  through  death  receptors  can  also  be  nega¬ 
tively  regulated  by  proteins  such  as  FLIP  that  prevent  in¬ 
teraction  between  FADD  and  caspase-8.1 1  12  High  FLIP 
expression  existing  in  many  tumor  cells  has  been  cor¬ 
related  with  resistance  to  death  ligand/death  receptor- 
induced  apoptosis  (reviewed  in'"'  ).  In  addition,  FLIP 
expression  was  associated  with  tumor  escape  from  T-cell 
immunity  and  enhanced  tumor  progression  in  experimen¬ 
tal  studies  in  vivo  (reviewed  in’'1). 


Modulation  of  death  receptors 
by  chemopreventive  agents 

Many  studies  have  demonstrated  that  the  expression  of 
death  receptors,  including  Fas,  DR4  and  DR5,  is  in¬ 
ducible  by  many  small  molecules,  particularly  chemother¬ 
apeutic  agents.  Increased  evidence  indicates  that  ac¬ 
tivation  of  death  receptors  positively  impacts  cancer 
chemotherapy  (reviewed  in'<’).  An  increased  number  of  re¬ 
cent  studies  also  show  that  some  chemopreventive  agents 
such  as  non-steroidal  anti-inflammatory  drugs  (NSAIDS), 
retinoids  and  tritepenoids,  induce  death  receptor  expres¬ 
sion  and  enhance  death  ligand-induced  apoptosis  as  well. 

NSAIDS.  Sulindac  sulfide  is  one  of  the  major  metabolites 
of  sulindac  that  is  believed  to  mediate  its  antitumorigenic 
effects  by  inducing  apoptosis.  Sulindac  sulfide  specifically 
upregulates  DR5  and  activates  the  proximal  caspase-8  in 
various  colon  and  prostate  cancer  cell  lines.  Overexpres¬ 
sion  of  a  dominant-negative  FADD  (FADD-DN)  sup¬ 
presses  sulindac  sulfide-induced  apoptosis  and  combina¬ 
tion  of  sulindac  sulfide  with  TRAIL  exhibits  an  enhanced 
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apoptosis-inducing  effect,  suggesting  the  involvement  of 
DR 5  in  sulindac  sulfide-induced  apoptosis.  ’1  Induction 
of  DR3  by  sulindac  sulfide  in  gastric  cancer  cells  was 
also  reported  recently.  In  this  study,  DR4  expression  was 
also  induced  by  sulindac  sulfide.  Related  to  these  find¬ 
ings,  indomethacin  and  sulindac  sulfide  were  reported  to 
induce  apoptosis  of  human  leukemic  Jurkat  cells  by  a 
mechanism  that  requires  the  FADD-mediated  activation 
of  a  caspase-8-dependent  pathway,  implying  the  impor¬ 
tance  of  a  death  receptor-mediated  apoptotic  pathway  in 
their  actions. 

Cclecoxib  is  another  apoptosis-inducing  NSAID  with 
cyclooxygenase-2  (COX-2)  activity  and  has  been  ap¬ 
proved  by  the  U.S.  Food  and  Drug  Administration  (FDA) 
for  the  chemoprevention  of  colon  cancer  (/.&,  treatment 
of  familial  adenomatous  polyposis,  an  inherited  syndrome 
that  predisposes  individuals  to  colon  cancer).  Our  recent 
work  found  that  celecoxib  increased  the  expression  of 
DR4  and  particularly  DR5  at  both  mRNA  and  protein 
levels  in  human  lung  cancer  cells.  This  effect  appears  to 
be  independent  of  its  COX-2  inhibitory  activity  and  oc¬ 
curs  at  the  transcriptional  level.  Both  overexpression  of 
FADD-DN  and  silencing  of  DR5  expression  using  small 
interfering  RNA  (siRNA)  attenuated  celecoxib-induced 
apoptosis.  Moreover,  celecoxib  cooperated  with  TRAIL  to 
augment  the  induction  of  apoptosis.  These  results  indi¬ 
cate  that  the  expression  of  death  receptors,  particularly 
DR5,  contributes  to  celecoxib-induced  apoptosis.” 

Retinoids.  Retinoids  refer  to  an  entire  group  of  natural  and 
synthetic  retinol  (vitamin  A)  metabolites  and  analogues 
and  have  long  been  considered  promising  chemopreven- 
tive  agents.  The  synthetic  retinoid  CD437  potently  in¬ 
duces  apoptosis  in  a  variety  of  human  cancer  cells.  Our 
studies  showed  that  CD437  induced  Fas,  DR4  and  DR5 
expression  primarily  in  lung  cancer  ceil  lines  with  wild- 
type  p53. '  The  induction  of  these  death  receptors 
correlated  with  their  potencies  in  inducing  apoptosis  in 
these  cell  lines.’  1  Inactivation  of  p53  using  HPVI6 
E6  abrogated  CD437’s  ability  to  upregulate  the  expres¬ 
sion  of  Fas,  DR4,  and  DR5.’  ”  Thus,  it  appears  that 
CD437  induces  the  expression  of  death  receptors  via  a 
p5  3-dependent  mechanism,  at  least  in  human  lung  cancer 
cells.  Fas  and  DR5  are  known  to  be  p53  target  genes. 111 
Our  recent  work  has  demonstrated  that  DR4  is  also  a  p53 
target  gene. ' 

Due  to  the  above  findings,  we  also  determined  whether 
CD437  induced  the  expression  of  death  receptors  and 
apoptosis  in  normal  human  lung  epithelial  cells,  which 
possess  wild-type  p53.  Significantly,  CD437  did  not  in¬ 
duce  the  expression  of  Fas,  DR4,  and  DR5,  and  apoptosis 
in  both  normal  human  bronchial  epithelial  (NHBE)  cells 
and  small  airway  epithelial  cells. '  The  failure  of  CD437 
to  induce  death  receptor  expression  and  apoptosis  in  nor¬ 


mal  lung  epithelial  cells  may  be  related  to  its  inability  to 
increase  or  stabilize  p53  protein  in  these  cells. 1 

Although  CD437  induces  a  p5 3-dependent  expression 
of  death  receptors  in  human  lung  cancer  cells,  our  studies 
showed  that  p53  was  not  important  for  the  upregulation 
of  death  receptors  by  CD437  in  human  prostate  or  head 
and  neck  cancer  cells  because  CD437  induced  the  expres¬ 
sion  of  death  receptors  regardless  of  p53  status  in  these 
cell  lines.1'"'  '  ’  Thus,  it  appears  thatCD437  induces  ap53- 
dependent  and/or  -independent  death  receptor  expression 
depending  on  cell  types  or  even  cell  lines.  Currently,  it  re¬ 
mains  unclear  how  CD437  upregulates  the  expression  of 
death  receptors  through  p53-independent  mechanism(s) 
(reviewed  in”). 

It  is  generally  thought  that  nuclear  retinoid  receptors 
mediate  the  major  biological  effects  of  retinoids.’4  To 
determine  whether  nuclear  retinoid  receptors  play  any 
role  in  mediating  the  upregulation  of  death  receptors  by 
CD437,  we  examined  the  effect  of  CD437  on  the  ex¬ 
pression  of  death  receptors  in  the  presence  of  the  pan 
RAR-specific  antagonist  AGN193109-  We  found  that 
AGN193109  failed  to  block  or  suppress  Fas,  DR4,  or 
DR5  induction  by  CD437,  indicating  that  CD437  in¬ 
duces  death  receptor  expression  independent  of  nuclear 
retinoid  receptors  ('",  our  unpublished  data).  This  con¬ 
clusion  is  further  supported  by  the  determination  that 
other  receptor-selective  retinoids,  except  for  those  having 
similar  parent  structures  to  CD437,  failed  to  induce  the 
expression  of  death  receptors  (  '“,  our  unpublished  data). 

N-(4-hydroxyphenyl)  retinamide  (4HPR;  fenretinide), 
another  synthetic  retinoid  that  induces  apoptosis  in  vari¬ 
ous  types  of  cancer  cells,  has  been  evaluated  in  numerous 
clinical  trials  for  its  chemopreventive  activity.  A  recent 
study  has  shown  that  4HPR  induced  DR5  expression  in 
primary  meningioma  cultures.  "  Another  study  did  not 
find  that  4HPR  modulated  the  expression  of  DR4  or 
DR  5.  However,  4HPR  enhanced  TRAIL-mediated  apop¬ 
tosis  in  ovarian  cancer  cell  lines  but  not  in  immortalized 
non-cumorigenic  ovarian  epithelial  cells.’ 

Triterpenoids.  Triterpenoids  are  another  group  of  nat¬ 
ural  and  synthetic  compounds  with  chemopreventive 
potentials.  ~  The  natural  triterpenoids  betulinic  acid 
and  boswellic  acid  were  reported  to  induce  DR5  ex¬ 
pression  in  melanoma,  glioblastoma,  and  leukemia  cells, 
respectively.  14  Our  recent  study  has  shown  that  the 
synthetic  triterpenoid  methyl-2-cyano-3,12-dioxooleana- 
l,9-dien-28-oate  (CDDO-Me)  increased  the  expression 
of  DR4  and  particularly  DR5,  and  enhanced  TRAIL- 
induced  apoptosis  in  human  lung  cancer  cells.  Silenc¬ 
ing  of  DR  5  expression  using  siRNA  inhibited  both 
CDDO-Me-induced  apoptosis  and  CDDO-Me-mediated 
enhancement  of  TRAIL-induced  apoptosis,  indicating  the 
involvement  of  DR5  in  both  activities.”  Induction  of 
DR5  by  betulinic  acid  and  CDDO-Me  is  independent 
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of  p33.  We  found  that  CDDO-Me  rapidly  acti¬ 
vated  c-Jun  NH2-terminal  kinase  (JNK)  before  DR5 
up-regulation.  Moreover,  application  of  the  JNK-specific 
inhibitor  SP600125  blocked  CDDO-Me-induced  DR5 
upregulation.  These  results  indicate  that  CDDO-Me  in¬ 
duces  a  JNK-dependent  DR5  upregulation. 

Polyphenols.  Resveratrol ,  a  polyphenol  found  in  grape  skin 
and  various  other  food  products,  exhibits  cancer  chemo- 
preventive  activity  in  animal  models  of  carcinogensis, 
likely  through  its  ability  to  trigger  apoptosis.  '  Stud¬ 
ies  in  a  human  colon  cancer  cell  line  show  that  resvera¬ 
trol  does  not  modulate  the  expression  of  Fas,  DR4,  and 
I)R 5  at  the  surface  of  cancer  cells.  However,  it  induces 
the  clustering  of  these  death  receptors  and  their  redis¬ 
tribution  in  cholesterol  and  sphingolipid-rich  fractions 
(lipid  rafts)  of  cancer  cells,  together  with  FADD  and 
procaspase-8.  These  redistributions  are  associated  with 
the  formation  of  a  DISC  and  contribute  to  the  induction 
of  apoptosis  and  sensitization  of  cells  to  death  ligand- 
or  death  receptor  activation-mediated  apoptosis. 
(-)-Epigallocatechin-3-gallate  (EGCG),  a  polyphenolic 
c  ompound  found  in  green  tea,  was  reported  to  increase  Fas 
protein  levels  in  Hep  G2  human  liver  cancer.  '  Another 
study  reported  that  EGCG  also  bond  to  cell  surface  Fas, 
triggering  Fas-mediated  apoptosis  in  human  monocytic 
leukemia  U937  cells." 

Vitamin  E  and  its  derivatives.  Vitamin  E  (a-tocopherol)  is 
a  dietary  antioxidant  with  chemopreventive  activity.  Vi¬ 
tamin  E  succinate  was  reported  to  increase  not  only  total 
protein  levels  of  Fas  but  also  cell  surface  levels  of  Fas  in 
human  breast  cancer  cells."  1 '  The  upregulation  of  Fas  is 
i  nvolved  in  vitamin  E  succinate-induced  apoptosis" 1  or  as¬ 
sociated  with  the  enhancement  of  Fas-induced  apoptosis  " 
in  these  cells.  Increases  in  cell  surface  Fas  and  enhance¬ 
ment  of  Fas-induced  apoptosis  by  vitamin  E  succinate 
were  also  observed  in  human  prostate  cancer  cells."  A 
recent  study  shows  that  the  semisynthetic  analogue  of  vi¬ 
tamin  E,  a-tocopheryl  succinate,  increases  the  expression 
of  both  DR4  and  DR5  in  human  malignant  mesothelioma 
cells;  this  increased  expression  is  associated  with  its  abil¬ 
ity  to  enhance  TRAIL-induced  apoptosis.  ‘  Currently,  it 
is  unknown  how  vitamin  E  and  its  analogues  upregulate 
the  expression  of  death  receptors. 

Others.  Selenium  is  an  essential  micronutrient  that  is  cur¬ 
rently  being  tested  for  prostate  cancer  chemoprevention. 
A  recent  study  shows  that  selenium-mediated  apopto¬ 
sis  appears  to  involve  a  DR5-dependent  pathway  in  hu¬ 
man  prostate  cancer  cells.  Selenium  specifically  induced 
DR5  expression,  which  coupled  with  caspase-8  activa¬ 
tion  and  Bid  cleavage.  Bovine  lactoferrin,  a  multifunc¬ 
tional  glycoprotein,  has  been  shown  to  strongly  inhibit 
the  development  of  azoxymethane-induced  rat  colon  tu¬ 


mors.  Lactoferrin  was  shown  to  enhance  Fas  expression 
in  the  colon  mucosa  during  both  early  and  late  stages 
of  carcinogenesis.  The  elevation  of  Fas  expression  cor¬ 
relates  with  the  activation  of  caspase-8  and  caspase-3, 
suggesting  that  apoptosis  caused  by  elevated  expression 
of  Fas  is  involved  in  chemoprevention  by  lactoferrin  of 
colon  carcinogenesis.  Curcumin,  an  antioxidant  with 
chemopreventive  and  apoptosis-inducing  activity,  was  re¬ 
ported  to  increase  Fas  expression  and  induce  Fas  cluster¬ 
ing  in  human  melanoma  cells,  leading  to  the  induction  of 
apoptosis.  Curcumin  also  increased  cell  surface  DR4  and 
augmented  TRAIL-induced  apoptosis  in  prostate  cancer 
cells."'’  Interferons  have  been  used  in  some  chemopre¬ 
ventive  trials.  Interferon-y  was  shown  to  induce  DR5 
expression  in  cancer  cell  lines  independent  of  p53. 
Interferon-a  was  also  reported  to  increase  DR5  expres¬ 
sion  in  human  hepatoma  cells;  this  increased  expression 
is  associated  with  its  ability  to  enhance  TRAIL-induced 
apoptosis." 

Implication  of  death  receptor  modulation 
in  chemoprevention 

Activation  of  death  receptors  with  either  ligand  binding 
or  receptor  overexpression  triggers  the  extrinsic  apoptotic 
pathway.  Apoptosis  induced  by  the  interaction  between 
death  ligand  (from  NK  cells  or  T  cells)  and  death  receptors 
(from  target  cells)  is  the  primary  mechanism  underlying 
tumor  immunosurveillance  (reviewed  in  1  "'”').  In  death 
ligand-expressing  premalignant  or  malignant  cells,  the 
binding  of  death  ligands  such  as  Fas  ligand  (FasL)  and 
TRAIL  to  an  increased  number  of  death  receptors  due  to 
treatment  with  chemopreventive  agents  may  trigger  the 
apoptotic  signal  leading  to  the  apoptotic  death  of  these 
aberrant  cells.  Moreover,  upregulation  of  death  receptors 
in  premalignant  and  malignant  cells  may  cause  these  cells 
to  become  more  susceptible  targets  for  immune  cells  ( i.e . , 
NK  and  T  cells)  that  express  and  secrete  death  ligands 
such  as  TRAIL.  In  other  words,  chemopreventive  agents 
with  death  receptor-inducing  activity  can  sensitize  pre¬ 
malignant  and  malignant  cells  to  death  receptor-mediated 
immune  clearance  or  surveillance. 

Some  chemopreventive  agents  have  been  demonstrated 
to  induce  the  expression  of  death  ligands  such  as 
TRAIL.  The  examples  of  the  agents  are  retinoic  acid,  " 
interferons,  L  J  and  PI3  kinase  inhibitors.  '  Therefore,  it 
is  plausible  to  speculate  that  the  combination  of  a  death 
receptor-inducing  chemopreventive  agent  with  a  death 
ligand-inducing  agent  may  enhance  the  killing  or  elimi¬ 
nation  of  premalignant  and  malignant  cells  or  lesions  via 
death  ligand/death  receptor-mediated  apoptosis.  Study¬ 
ing  the  effect  of  this  kind  of  combination  may  develop 
an  effective  and  mechanism-driven  combination  regimen 
for  cancer  chemoprevention. 
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Conclusions  and  perspective 

Chemoprevention  has  emerged  as  an  essential  part  of  can¬ 
cer  control.  Many  chemopreventive  agents  are  thought  to 
act  as  cytostatic  agents.  Therefore,  they  are  traditionally 
suggested  to  be  administered  chronically  to  individuals 
at  increased  risk  to  develop  cancer.  A  more  desirable  and 
aggressive  approach  is  to  use  agents  that  can  eliminate 
aberrant  clones  by  inducing  apoptosis  rather  than  inhibit 
their  proliferation.  Such  agents  could  be  administered  for 
shorter  periods  of  time  and  at  higher  doses.  Short-term 
treatment  would  allow  the  inclusion  of  agents  with  some 
reversible  or  moderate  side  effects  for  the  prevention  of 
premalignant  lesions. 

It  appears  that  apoptosis  is  a  useful  target  for  the  de¬ 
velopment  of  chemopreventive  agents.  Elucidation  of  the 
mechanism  of  chemopreventive  agent-induced  apoptosis 
in  premalignant  or  malignant  cells  clearly  will  be  helpful 
for  developing  new  agents  with  better  activity,  selectiv¬ 
ity  and  less  toxicity.  Some  chemopreventive  agents  with 
apoptosis-inducing  activity  induce  apoptosis  through  an 
intrinsic  mitochondrial  pathway  involving  the  promotion 
of  reactive  oxygen  species  (ROS)  generation  (reviewed 
in  ).  Given  that  ROS-induced  oxidative  stress  is  involved 
in  carcinogenesis,  particularly  in  tumor  promotion  (re¬ 
viewed  in  ),  a  concern  is  whether  this  kind  of  chemo¬ 
preventive  agent  has  a  potential  to  promote  carcinogenesis 
rather  than  prevention  of  cancer.  From  this  point  of  view, 
chemopreventive  agents  with  death  receptor-inducing  ac¬ 
tivity  appear  to  have  the  advantage  over  others  that  induce 
apoptosis  by  promoting  ROS  generation.  Therefore,  fu¬ 
ture  studies  should  focus  on  identifing  and  developing 
chemopreventive  agents  that,  ideally,  can  selectively  in¬ 
duce  the  expression  of  death  receptors  in  preneoplastic  or 
premaligant  cells  or  induce  the  redistribution  and  cluster¬ 
ing  of  death  receptors  on  the  membrane  surface  of  these 
ceils. 
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Abstract 

To  determine  whether  EGFR  tyrosine  kinase  domain  muta¬ 
tions  are  early  events  in  the  pathogenesis  of  lung  adenocarci¬ 
nomas,  we  tested  for  the  presence  of  EGFR  mutations  in 
histologically  normal  bronchial  and  bronchiolar  epithelia 
from  lung  adenocarcinomas  bearing  the  common  EGFR 
mutations.  DMA  was  extracted  from  microdissected  tissue 
obtained  from  2J  tumors  with  known  EGFR  mutations,  16 
tumors  without  mutation,  and  90  sites  of  normal  bronchial 
and  bronchiolar  epithelium  from  the  same  surgical  speci¬ 
mens.  With  the  use  of  PCR  and  direct  DNA  sequencing,  EGFR 
mutations  identical  to  the  tumors  were  detected  in  the  normal 
respiratory  epithelium  in  9  of  21  (43%)  patients  with  EGFR 
mutant  adenocarcinomas  but  none  in  patients  without 
mutation  in  the  tumors.  The  finding  of  mutations  being  more 
frequent  in  normal  epithelium  within  tumor  (43%)  than  in 
adjacent  sites  (24%)  suggests  a  localized  field  effect  phenom¬ 
enon.  Our  findings  indicate  that  mutation  of  the  tyrosine 
kinase  domain  of  EGFR  is  an  early  event  in  the  pathogenesis  of 
lung  adenocarcinomas,  and  suggest  EGFR  mutations  as  an 
early  detection  marker  and  chemoprevention  target.  (Cancer 
Res  2005:  65(17):  7568-72) 

Introduction 

Four  major  histologic  types  compose  the  majority  of  lung 
cancers,  and  adenocarcinoma  histology  is  currently  the  type  most 
frequently  diagnosed  (1).  It  has  been  established  that  adenocarci¬ 
nomas  usually  arise  from  the  peripheral  airway;  however,  the 
specific  airway  structure  (bronchus,  bronchiole,  and  alveolus)  and 
the  respiratory'  epithelium  cell  type  (ciliated,  goblet,  Clara,  and  type 
II  alveolar  cells)  from  which  most  adenocarcinomas  develop  have 
not  been  established.  Recent  findings  indicate  that  clinically 
evident  lung  adenocarcinomas  are  the  results  of  the  accumulation 
of  numerous  genetic  and  epigenetic  changes,  including  abnormal¬ 
ities  for  the  inactivation  of  tumor  suppressor  genes  and  the 
activation  of  oncogenes  (2).  Despite  these  advances,  there  is 
extremely  limited  information  available  on  the  early  molecular 
pathogenesis  of  lung  adenocarcinomas. 

Somatic  mutations  of  EGFR,  a  tyrosine  kinase  of  the  ErbB  family, 
recently  have  been  reported  in  specific  subsets  of  lung  adenocarci- 
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nomas  (3-9).  The  mutations  are  clinically  relevant  because  most  of 
them  have  been  associated  with  patient  tumor  sensitivity  to  small 
molecule  tyrosine  kinase  inhibitors  gefitinib  and  erlotinib  (3-5,  10). 
About  90%  of  the  mutations  detected  in  EGFR  are  composed  either 
of  in-frame  deletions  in  exon  19  or  a  specific  missense  mutation  in 
exon  21  (L858R;  refs.  3-9).  The  mutations  are  significantly 
associated  with  adenocarcinoma  histology,  never  or  light  smoker 
status,  female  gender,  and  East  Asian  ethnic  origin  (9).  However, 
there  is  no  information  available  on  the  stage  of  lung  adenocar¬ 
cinoma  development  when  EGFR  mutation  develops.  Thus,  to 
investigate  the  stage  of  lung  adenocarcinoma  pathogenesis  when 
EGFR  mutations  commence,  we  tested  for  the  presence  of  EGFR 
mutations  in  peripheral  airway  respiratory  epithelium  (small 
bronchi  and  bronchioles)  obtained  from  21  patients  with  lung 
adenocarcinoma  harboring  EGFR  mutations.  We  compared  the 
findings  with  similar  samples  obtained  from  16  lung  cancer 
patients  whose  tumors  had  wild-type  EGFR. 

Materials  and  Methods 

Case  selection.  Tumor  tissue  specimens  obtained  from  120  surgically 
resected  lung  adenocarcinomas,  pathology  stages  I  to  IIIA,  were  obtained 
from  the  Lung  Cancer  Specialized  Program  of  Research  Excellence  Tissue 
Bank  at  the  M.D.  Anderson  Cancer  Center  (Houston,  TX),  and  were 
examined  for  EGFR  gene  mutation  in  exons  18  to  21  (9).  We  selected  20 
cases  of  adenocarcinoma  and  one  adenosquamous  carcinoma  with  EGFR 
mutation  in  exon  19  ( n  =  13)  and  exon  21  ( n  -  8)  in  which  archival  formalin- 
fixed  paraffin-embedded  tissues  from  which  surgically  resected  lobectomy 
specimens  were  available  (Table  1).  Most  patients  were  women  of  East  Asian 
ethnicity  and  never  or  former  smokers  (Table  1).  All  EGFR  mutated  lung 
adenocarcinomas  were  of  mixed  histologic  subtype  (WHO  classification, 
2004;  ref.  1).  Two  patients  with  EGFR  mutant  lung  cancers  were  current 
smokers,  but  with  only  5  and  12  pack-year  exposures.  None  of  the  patients 
had  received  prior  cytotoxic  therapy.  Patients  who  had  smoked  at  least  100 
cigarettes  in  their  lifetime  were  defined  as  smokers,  and  smokers  who  quit 
smoking  at  least  12  months  before  lung  cancer  diagnosis  were  defined  as 
former  smokers.  As  a  control  group,  16  cases  of  adenocarcinoma  without 
EGFR  mutation,  divided  into  8  never  and  8  former  smokers,  were  selected. 
Clinical  staging  was  based  on  the  revised  in  International  System  for  Stating 
Lung  Cancer  (11). 

Respiratory  epithelium  foci  selection.  H&E-stained  histology  sections 
of  archival  specimens  having  tumor  and  adjacent  normal  lung  tissues  were 
reviewed  to  identify  available  foci  of  respiratory  epithelium  containing  at 
least  1,000  cells.  From  the  21  EGFR  mutated  lung  cancers,  we  identified 
noncontiguous  small  bronchial  ( n  =  26)  or  bronchiolar  (n  =  38)  sites 
suitable  for  microdissection.  All  the  foci  harbored  histologically  normal¬ 
appearing  respiratory  epithelium,  without  identifiable  dysplastic  or 
neoplastic  cells  (Fig.  1).  No  atypical  adenomatous  hyperplasias,  putative 
precursors  of  a  subset  of  lung  adenocarcinomas,  were  detected.  The 
microdissected  specimens  were  obtained  from  three  different  locations 
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Table  1.  Clinicopathologic  data  of  EGFR  mutant  resected  lung  adenocarcinomas  studied 


Case  no. 

Age 

Gender 

Race 

Smoking 

status 

Stage 

EGFR  mutation 

Mutation  in 
normal  epithelium 

.1 

55 

Female 

Caucasian 

Never 

IIB 

15  bp  del  (746-750) 

Yes 

70 

Female 

Hispanic 

Never 

IIIA 

15  bp  del  (746-750) 

No 

3 

64 

Male 

Caucasian 

Never 

IA 

15  bp  del  (746-750) 

No 

4 

66 

Female 

Caucasian 

Never 

IB 

18  bp  del  (746-751)  and  S752V 

No 

5 

52 

Female 

Hispanic 

Never 

IIIA 

L858R 

Yes 

6 

70 

Female 

Caucasian 

Never 

IA 

L858R 

Yes 

7 

65 

Female 

Caucasian 

Never 

IA 

L858R 

No 

!  8 

45 

Female 

East  Asian 

Never 

IA 

L858R 

No 

9 

61 

Female 

East  Asian 

Never 

IIIA 

L858R 

No 

il) 

•19 

Female 

East  Asian 

Never 

IIIA 

L858R 

No 

i  1  1 

35 

Female 

East  Asian 

Never 

IA 

15  bp  del  (746-750) 

Yes 

i  ;.2 

62 

Female 

East  Asian 

Never 

IA 

L858R 

No 

L3 

66 

Female 

Caucasian 

Former 

IV 

15  bp  del  (746-750) 

No 

L4 

58 

Female 

Caucasian 

Former 

IA 

15  bp  del  (746-750) 

Yes 

15 

65 

Male 

East  Asian 

Former 

IIB 

18  bp  del  (746-751)  and  S752I 

Yes 

;  16 

72 

Female 

Caucasian 

Former 

IB 

15  bp  del  (746-750) 

Yes 

■  17 

69 

Male 

East  Asian 

Former 

IIIA 

L858R 

No 

18 

56 

Male 

East  Asian 

Former 

IIB 

18  bp  del  (747-752)  and  P753Q 

Yes 

:  i9 

69 

Male 

East  Asian 

Former 

IB 

15  bp  del  (747-751) 

No 

;  20 

73 

Male 

East  Asian 

Current 

IIB 

15  bp  del  (746-750) 

Yes 

j  21 

68 

Female 

Caucasian 

Current 

IIIA 

15  bp  del  (746-750) 

No 

based  on  their  relationship  to  the  tumors:  within  the  tumor  (21  foci),  <5  mm 
apart  from  the  tumor  margin  (adjacent  to  tumor;  29  sites),  and  from  sites 
located  >5  mm  from  the  tumor  margin  (“distant”  lung;  14  sites).  From  the 
1 6  non -EGFR  mutated  lung  adenocarcinoma  cases,  we  selected  26  (10  small 
bronchi  and  16  bronchioles)  sites  of  histologically  normal  respiratory 
epithelium  (Table  2).  Averages  of  3.1  (range,  2-6)  and  1.6  (range,  1-3) 
respiratory  epithelium  foci  were  examined  from  EGFR  mutated  and 
nonmulated  cases,  respectively.  Small  bronchi  were  identified  as  hating 
well-defined  smooth  muscle  and  discontinuous  cartilage  layers.  Bronchioles 
were  defined  as  small  conducting  airways  lacking  well-defined  smooth 
muscle  wall  or  cartilage  layers.  As  internal  negative  controls,  stromal  tissue 
obtained  from  bronchial  walls  was  also  selected  for  microdissection.  As 
these  were  retrospectively  collected  specimens,  location  of  the  small 
bronchial  and  bronchiolar  respiratory  epithelium  examined  for  mutations 
was  assessed  based  on  their  location  with  respect  to  tumor  tissue  in  the 
corresponding  histology  sections. 

Microdissection  and  DNA  extraction.  Approximately  1,000  cells 
(tumor,  respiratory  epithelium,  or  stromal)  were  precisely  microdissected 
from  sequential  8-gm-thick  H&E-stained,  formalin-fixed  paraffin-embedded 
histology  sections,  using  laser  capture  microdissection  (Arcturus  Engineer¬ 
ing  Laser  Microdissection  System,  Mountain  View,  CA;  Fig.  1).  To  avoid 
possible  nonspecific  binding  of  mutant  tumor  cells  to  the  microdissection 
cap  film,  the  specifically  microdissected  epithelial  cells  were  redissected 
from  the  film  under  stereomicroscope  visualization  using  fine  needles 
(25G5/8).  DNA  was  extracted  using  25  pL  of  Pico  Pure  DNA  Extraction 
solution  (Arcturus)  containing  proteinase  K  and  incubated  at  65°C  for 
24  hours.  Subsequently,  proteinase  K  inactivation  was  done  by  heating 
samples  at  95°C  for  10  minutes. 

EGFR  mutation  analysis.  Exons  19  and  21  of  EGFR  were  PCR  amplified 
using  intron-based  primers  as  previously  described  (10).  From  micro¬ 
dissected  formalin-fixed  paraffin-embedded  cells,  —  100  cells  were  used  for 
each  PCR  amplification.  Each  amplification  was  done  in  25  pL  volume 
containing  2.5  pL  DNA  0.5  pL  each  primer  (20  pmol/L),  12.5  pL  HotStarTaq 
Master  Mix  (Qiagen,  Valencia,  CA),  and  9  pL  DNase-free  water.  DNA  was 
amplified  for  38  cycles  at  94°C  for  30  seconds,  65°C  for  30  seconds,  and  72°C 
for  45  seconds,  followed  by  7-minute  extension  at  72°C.  All  PCR  products 
were  directly  sequenced  using  Applied  Biosystems  PRISM  dye  terminator 


cycle  sequencing  method  (Perkin-Elmer  Corp.,  Foster  City,  CA).  All  sequence 
variants  were  confirmed  by  independent  PCR  amplifications  from  at  least 
two  independent  microdissections,  and  sequenced  in  both  directions. 

Statistical  analysis.  For  data  in  which  there  is  one  record  per  patient,  all 
relationships  between  categorical  variables  were  assessed  via  the  Fisher’s 
exact  test  (12).  For  continuous  outcomes,  differences  between  cohorts  were 
assessed  via  the  Wilcoxon  rank-sum  test.  Data  in  which  there  are  multiple 
records  per  patient,  relationships  between  binary  variables  were  assessed 
via  generalized  estimating  equation  models. 

Results 

EGFR  mutation  in  histologically  normal  epithelium.  Muta¬ 
tion  analysis  of  the  microdissected  tumor  tissue  confirmed  the 
mutational  pattern  originally  identified  using  frozen  and  non- 
microdissected  formalin-fixed  paraffin-embedded  tissues  in  all  21 
cases  (Table  1).  Of  interest,  EGFR  mutations  were  detected  in  at 
least  one  sample  of  corresponding  histologically  normal  small 
bronchial  and  bronchiolar  epithelia  in  9  of  21  (43%)  EGFR  mutant 
lung  adenocarcinoma  patients  (Tables  1  and  2).  By  contrast,  no 
mutations  in  exons  19  and  21  of  the  EGFR  gene  were  detected  in 
26  respiratory  epithelium  foci  obtained  from  16  lobectomy 
specimens  of  cancers  having  wild-type  EGFR  ( P  =  0.005).  In  EGFR 
mutant  lung  adenocarcinomas,  16  of  64  (25%)  normal  respiratory 
epithelium  foci  microdissected  showed  EGFR  mutations.  Five  of 
nine  cases  showing  mutations  in  normal  respiratory  epithelium 
showed  two  or  three  microdissected  sites  with  EGFR  mutation.  In 
all  cases,  the  mutational  patterns  in  the  tumors  and  corresponding 
nonmalignant  respiratory  epithelial  specimens  were  identical.  All 
mutations  detected  were  confirmed  using  additional  microdis¬ 
sected  samples  and  multiple  independent  sequencing  experiments 
in  both  sense  and  antisense  directions.  Importantly,  no  mutations 
were  detected  in  stromal  cells  microdissected  from  bronchial  walls 
in  five  cases  in  which  adjacent  lung  normal  epithelium  and  tumor 
showed  EGFR  mutations. 
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Antimitotic  drugs  are  chemotherapeutic  agents  that  bind  tubulin  and  microtubules. 
Resistance  to  these  drugs  is  a  major  clinical  problem.  One  hypothesis  is  that  the 
cellular  composition  of  tubulin  isotypes  may  predict  the  sensitivity  of  a  tumor  to 
antimitotics.  Reliable  and  sensitive  methods  for  measuring  tubulin  isotype  levels 
in  cells  and  tissues  are  needed  to  address  this  hypothesis.  Quantitative  measure¬ 
ments  of  tubulin  isotypes  have  frequently  relied  upon  inferring  protein  amounts 
from  mRNA  levels.  To  determine  whether  this  approach  is  justified,  protein  and 
mRNA  levels  of  p-tubulin  isotypes  from  12  human  cancer  cell  lines  were  mea¬ 
sured.  This  work  focused  on  only  (3-tubulin  isotypes  because  we  had  readily  avail¬ 
able  monoclonal  antibodies  for  quantitative  immunoblots.  The  percentage  of  13- 
tubulin  isotype  classes  I,  II,  III,  and  IVa  +  IVb  mRNA  and  protein  were  com¬ 
pared.  For  p-tubulin  class  I  that  comprises  >50%  of  the  p-tubulin  protein  in  10  of 
the  12  cell  lines,  there  was  good  agreement  between  mRNA  and  protein  percen¬ 
tages.  Agreement  between  mRNA  and  protein  was  also  found  for  P-tubulin  class 
III.  For  p-tubulin  classes  IVa  -I-  IVb,  we  observed  higher  protein  levels  compared 
to  mRNA  levels.  P-Tubulin  class  II  protein  was  found  in  only  four  cell  lines  and 
in  very  low  abundance.  We  conclude  that  quantitative  Western  blotting  is  a  reli¬ 
able  method  for  measuring  tubulin  isotype  levels  in  human  cancer  cell  lines.  Infer¬ 
ring  protein  amounts  from  mRNA  levels  should  be  done  with  caution,  since  the 
correspondence  is  not  one-to-one  for  all  tubulin  isotypes.  Cell  Motil.  Cytoskeleton 
2006.  ©  2005  Wiley-Liss,  Inc:. 
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INTRODUCTION 

Quantitative  measurement  of  drug  target  proteins  is 
essential  for  developing  chemotherapeutic  agents  and 
understanding  mechanisms  that  underlie  drug  resistance. 
Quantitative  (real-time)  reverse  transcription  polymerase 
chain  reaction  (qRT-PCR)  is  an  established  method  for 
reliably  measuring  mRNA  levels  and  may  be  useful  for 
describing  alterations  in  drug  targets  if  protein  levels 
can  be  inferred  from  mRNA  levels.  However,  for  many 
proteins,  this  is  not  a  valid  approach  [Gygi  et  al.,  1999; 
Nicoletti  et  al.,  2001].  To  study  changes  in  drug  target 
levels  that  may  be  associated  with  drug  resistance  to  anti- 
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mitotic  drags,  we  wanted  to  determine  whether  mRNA 
levels  could  be  used  to  accurately  predict  protein  levels. 

The  ability  of  anticancer  agents  to  destroy  tumors 
is  severely  hampered  by  drug  resistance  that  occurs  ini¬ 
tially  or  develops  after  prolonged  or  repeated  exposure 
of  cells  and  tissues  to  these  drugs.  In  advanced-stage 
metastatic  cancers,  where  treatment  options  are  few,  this 
problem  is  devastating.  Important  drugs  used  to  treat 
solid  and  hematological  tumors  are  antimitotic  agents: 
taxanes  (paclitaxel  or  docetaxel)  and  vinca  alkaloids 
(vinblastine,  vincristine,  vinorelbine  or  vinflunine).  Anti¬ 
mitotic  drugs  bind  tubulin,  a  major  protein  in  microtu¬ 
bules,  and  halt  cell  division  at  metaphase.  Their  effec¬ 
tiveness  is  thought  to  result  from  alterations  of  microtu¬ 
bule  dynamics  in  mitotic  spindles,  thus  preventing 
spindle  assembly  or  interrupting  the  movement  of  sister 
chromatids  toward  the  spindle  poles  [Dhamodharan 
et  al.,  1995;  Yvon  et  al.,  1999], 

The  drug  receptor  of  antimitotic  agents,  tubulin,  is 
a  structurally  heterogeneous  100,000  dalton  ot(3  hetero- 
dimer.  Six  or  seven  genes  encode  a-tubulin  isotypes,  and 
seven  genes  encode  (3-tubulin  isotypes  [Sullivan  and 
Cleveland,  1986;  Sullivan,  1988].  Antimitotics  interact 
with  (3-tubulin,  which  consists  of  seven  isotype  classes 
distinguished  by  the  last  15-20  amino  acids  at  the  car¬ 
boxyl  termini  [reviewed  in  Correia  and  Lobert,  2001]. 

We  present  here  a  quantitative  comparison  of  (3- 
tubulin  isotype  mRNA  and  protein  levels  ((3-tubulin 
classes  I,  II,  III,  and  IVa  +  IVb)  in  12  human  cancer  cell 
lines.  qRT-PCR  was  used  to  measure  mRNA  levels  of 
all  seven  classes  of  (3-tubulin  isotypes.  Quantitative 
immunoblotting  was  done  to  measure  (3-tubulin  isotype 
protein  levels.  (3-Tubulin  classes  I  and  IVa  —  IVb  pro¬ 
teins  were  the  most  abundant.  The  mRNA  and  protein 
levels  of  (3-tubulin  class  I  were  found  to  be  in  good 
agreement.  (3-Tubulin  classes  IVa  +  IVb  made  up  a 
larger  fraction  of  the  total  protein  than  of  the  total 
mRNA  for  11  of  the  12  cell  lines.  (3-Tubulin  class  III 
protein  was  found  at  low  levels  that  corresponded  to 
mRNA  levels,  although  the  relationship  was  not  one-to- 
one. 

MATERIALS  AND  METHODS 
Cell  Culture 

Twelve  cell  lines  were  selected  on  the  basis  of  then- 
relative  sensitivities  to  vinblastine  and  paclitaxel,  as  rep¬ 
orted  by  the  National  Cancer  Institute  (NCI)  Developmen¬ 
tal  Therapeutics  Program  Human  Tumor  Cell  Line  Screen 
(http://dtp.nci.nih.gov/docs/cancer/cancer_data.html).  Pairs 
or  groups  of  cells  with  reported  drug  sensitivities  that 
differed  significantly  were  selected.  Only  one  (HCT-15) 
is  reported  to  have  relatively  high  levels  of  p-glycopro- 
tein/MDR  1 ,  a  membrane-bound  pump  known  to  extrude 


drugs  such  as  paclitaxel  and  vinblastine  from  cells 
[Alvarez  et  al.,  1995;  http://dtp.nci.nih.gov/docs/com- 
pare/cellmdr.html].  Cell  lines  were  purchased  from 
American  Type  Culture  Collection  (Manassas,  VA), 
except  for  HOP  18,  which  was  kindly  provided  by  NCI- 
Frederick  Cancer  Division  of  Cancer  Treatment  and 
Diagnosis  Tumor/Cell  Line  Repository  (Frederick, 
MD).  Cells  were  cultured  according  to  the  suppliers’ 
recommendations,  with  the  exception  of  MDA-MB-231 
and  Malme-3M,  which  were  grown  in  RPMI-1640 
rather  than  Leibovitz’s  L-15  medium. 

Determination  of  IC50  Values 

We  determined  IC50  values  (concentration  at 
which  cell  proliferation  is  reduced  by  50%)  for  each 
cell  line  using  two  independent  methods:  cell  counting 
and  an  assay  for  mitochondrial  respiration.  Duplicate 
12-well  plates  (5000  cells/well)  were  set  up  for  each 
cell  counting  experiment,  and  two  to  four  independent 
experiments  were  done  for  each  drug  (vinblastine  or 
paclitaxel)  and  cell  line.  Cells  were  incubated  for  24  h 
to  permit  adherence  and  then  exposed  to  serial  dilutions 
(between  one  log  unit  above  and  below  the  predicted 
IC50  value)  of  vinblastine  or  paclitaxel  for  48  h,  re¬ 
leased  using  trypsin,  and  counted  in  a  hemocytometer 
using  trypan  blue  to  exclude  nonviable  cells.  For  con¬ 
trol  wells,  an  appropriate  amount  of  PBS  or  dimethyl 
sulfoxide  for  vinblastine  and  paclitaxel,  respectively, 
was  added.  Data  were  plotted  using  Origin  7.0  (Origin- 
Lab,  Northampton,  MA)  as  cell  number  vs.  drug  con¬ 
centration.  Data  were  fit  to  first-order  exponential 
decay,  and  IC50  values  were  calculated. 

The  cell  line  sensitivities  to  vinblastine  and  pacli¬ 
taxel  were  also  determined  using  an  assay  for  mitochon¬ 
drial  respiration.  Cells  were  plated  in  96-well  microtiter 
plates  at  8000  cells/well  (10,000  cells/well  for  Malme- 
3M).  Duplicate  plates  constituted  each  experiment;  and 
two  to  four  independent  experiments  were  done  for  each 
drug  (vinblastine  or  paclitaxel)  and  cell  line.  Cells  were 
incubated  for  24  h,  and  then  the  medium  was  replaced 
with  fresh  medium  containing  appropriate  concentrations 
of  drug  or  solvent.  After  72  h,  the  medium  was  removed 
from  the  wells  and  100  pi  of  CellTiter  96®1  AQueous  One 
solution  (Promega,  Madison,  WI)  diluted  1:5  with 
medium  was  added.  This  solution  utilizes  3-(4,5-dime- 
thylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sul- 
fophenyl)-2H-tetrazolium  (MTS,  inner  salt)  in  a  coloro- 
metric  reaction  that  is  a  linear  measure  of  mitochondrial 
respiration.  The  plates  were  incubated  2  h,  and  absorb¬ 
ance  at  490  nm  was  read  using  a  microplate  reader. 
Absorbance  values  were  corrected  by  subtracting  base¬ 
line  values  obtained  from  wells  with  no  cells.  IC50  values 
were  determined  as  described  for  the  cell  counting  assay. 
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Quantitative  Reverse  Transcription  Polymerase 
Chain  Reaction 

Two-step  qRT-PCR  was  used  to  determine  the 
amount  of  mRNA  present  for  each  (3-tubulin  isotype 
(classes  I,  II,  III,  IVa,  IVb,  V,  and  VI)  in  all  12  cell  lines. 
Cells  were  cultured  as  described  earlier,  total  RNA  was 
extracted,  and  qRT-PCR  experiments  were  carried  out 
using  primers  and  protocols  described  previously  [Doz¬ 
ier  et  al.,  2003].  Briefly,  qRT-PCR  was  performed  on 
triplicate  samples  from  at  least  two  independent  cell 
preps  using  SYBR 10  Green  I  (Invitrogen,  Carlsbad,  CA) 
as  the  detection  method.  The  amount  of  (3-tubulin  iso¬ 
type  mRNA  in  a  known  amount  of  total  RNA,  deter¬ 
mined  by  A2 6o  measurements,  was  calculated  using 
standard  curves. 

Quantitative  Immunoblots 

We  developed  a  quantitative  immunoblot  assay  for 
tubulin  that  is  sensitive  and  highly  reproducible.  Cell 
lysates  were  prepared  from  10-20  million  cells  by 
douncing  on  ice  in  1  ml  PBS  with  a  protease  inhibitor 
cocktail  (Complete  Protease  Inhibitor  Cocktail  Tablets, 
Roche,  Indianapolis,  IN).  Lysates  were  spun  briefly  in  a 
microcentrifuge  to  remove  membranes  and  mixed  1:1 
with  SDS  sample  buffer  prior  to  electrophoresis.  After 
electrophoresis,  proteins  were  transferred  to  polyvinyli- 
dene  difluoride  (PVDF)  membranes,  incubated  with  pri¬ 
mary  antibody  (1-2  mg/ml)  at  1:2,500-1:10,000  dilu¬ 
tions  overnight  at  4°C,  and  developed  using  a  horserad¬ 
ish  peroxidase-conjugated  secondary  antibody.  We  used 
monoclonal  antibodies  that  recognize  individual  tubulin 
isotypes:  SAP4G5,  anti-(3-tubulin  class  I  (Sigma-Ald- 
rich,  St.  Louis,  MO);  7B9,  anti-(3-tubulin  class  II;  TUJ1, 
anti-(3-tubulin  class  III;  and  10A2,  anti- (3-tubulin  classes 
IVa  —  IVb.  The  reactivity  and  specificity  of  SAP4G5, 
7B9,  and  TUJ1  have  been  previously  described  [Lee 
et  al.,  1990;  Lobert  et  al.,  1995,  1998;  Roach  et  al., 
1998].  The  monoclonal  antibody  10A2  was  raised 
against  the  carboxyl  terminal  peptide  of  (3-tubulin  class 
IVa.  It  was  found  to  be  specific  for  both  (3-tubulin  classes 
IVa  and  IVb  [Fig.  1).  Blots  were  reacted  with  chemilu¬ 
minescent  reagents  (SuperSignal'®'  West  Femto  Maxi¬ 
mum  Sensitivity  Substrate,  Pierce,  Rockford,  IL)  and 
exposed  to  X-ray  film.  Densities  for  the  known  and 
unknown  sample  bands  on  the  films  were  obtained  using 
a  Molecular  Dynamics  densitometer  with  ImageQuant 
Software  (Amersham,  Piscataway,  NJ). 

Known  amounts  of  pig  brain  tubulin  were  used  as 
standards  on  all  blots.  Prior  work  demonstrated  that 
microtubule  associated  protein-free  phosphocellulose- 
purified  tubulin  preps  from  pig  brain  is  3%  (3-tubulin 
class  I.  55%  [3-tubulin  class  II,  29%  (3-tubulin  class  III, 
and  13%  (3-tubulin  class  IV  [Banerjee  et  al.,  1988;  Doz- 


a  Class  I  10A2 


b  Class  II 


c  Class  III 

d  Class  IVA  • 
e  Class  IVB  • 

f  Class  V 

g  Class  VI 

Fig.  1 .  Dot  blots  of  (3-tubulin  isotype  fusion  proteins.  (3-Tubulin  fusion 
proteins  were  transferred  to  PVDF  filters  and  reacted  with  anti-(3-tubulin 
class  IVa  +  FVb  monoclonal  antibody  10A2.  Fusion  protein  reactions 
shown  are  for  (3-tubulin  class  I  (Panel  a),  class  II  (Panel  b),  class  IH 
(Panel  c),  class  IVa  (Panel  d),  class  FVb  (Panel  e),  class  V  (Panel  f),  and 
class  VI  (Panel  g).  Only  |3-tubulin  fusion  proteins  constructed  with  class 
IVa  or  IVb  carboxyl  terminal  peptides  were  found  to  react. 

ier  et  al.,  2003].  The  quantities  of  tubulin  isotypes  in 
unknown  samples  were  calculated  from  linear  fits  of 
standard  curves  from  each  Western  blot  done  in  triplicate 
and  for  at  least  two  lysates  prepared  from  independently 
grown  cell  cultures.  It  was  critical  to  establish  the  linear¬ 
ity  of  response  for  each  antibody  and  to  determine  that 
unknown  samples  were  within  the  linear  range.  Extrapo¬ 
lation  to  values  outside  the  standard  curve  can  result  in 
significant  error. 

Calibration  of  Antibody  Reactivity  With  (i-Tubulin 
Fusion  Proteins 

The  tubulin  protein  measurements  in  the  work  pre¬ 
sented  here  were  done  on  lysates  from  human  cell  lines. 
Because  human  and  pig  brain  tubulins  may  interact  dif¬ 
ferentially  with  mouse  monoclonal  antibodies,  we  con¬ 
structed  fusion  proteins  with  human  (3-tubulin  isotype 
peptides  to  compare  and  calibrate  the  antibody  reactiv¬ 
ity.  Maltose  binding  protein  (MBP)  (3-tubulin  fusion  pro¬ 
teins  were  constructed  for  each  of  the  seven  human  (3- 
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tubulin  isotypes  (Table  I).  DNA  fragments  correspond¬ 
ing  to  the  coding  region  of  the  extreme  C-terminus  of  all 
seven  human  (3-tubulin  isotypes  were  obtained  by  PCR 
amplification  from  either  cDNA  or  genomic  DNA,  using 
the  primer  sets  indicated  in  Table  I.  The  fragments  were 
cloned  in-frame  (sites  indicated  in  Table  I)  into  a  modi¬ 
fied  version  of  the  pMBP-His-Parallel  vector  [Sheffield 
et  al.,  1999]  (a  gift  from  O.  Kaxginova,  Department  of 
Biology  and  Z.  Derewenda,  Department  of  Physiology 
and  Biophysics,  University  of  Virginia),  resulting  in  the 
generation  of  fusion  proteins  whose  N-terminus  was  the 
MBP,  and  whose  C-terminus  was  the  tubulin  isotype 
indicated,  separated  by  a  6X  His  tag.  Nucleotide  sequen¬ 
ces  across  the  relevant  portions  of  the  tubulin  coding 
regions  were  verified  using  the  Big  Dye  method  on  an 
ABI  310  DNA  sequencer.  The  fusion  proteins  were 
expressed  in  an  Escherichia  coli  DII5a  background  with 
induction  by  0.5  mM  isopropyl-(3-D-thiogalactopyrano- 
side,  and  subsequently  purified  by  metal  chelate  chroma¬ 
tography  on  nickel  nitrilotriacetic  resin  (Qiagen).  Purity 
was  assessed  by  SDS-PAGE. 

The  fusion  proteins  were  loaded  in  known  amounts 
onto  SDS-PAGE  along  with  known  quantities  of  pig 
brain  tubulin.  The  fusion  protein  concentrations  were 
determined  from  the  optical  density  at  278  nm,  using 
extinction  coefficients  calculated  from  the  amino  acid 
sequence:  fusion-(3-tubulin  class  I,  £278  =  1.493  1/g  cm; 
fusion-(3-tubulin  class  II,  e278  =  1  -489  1/g  cm;  fusion-(3- 
tubulin  class  III,  e278  =  1  -500  1/g  cm;  fusion-(3-tubulin 
class  IVa,  e278  =  1.493  1/g  cm;  fusion-(3-tubulin  class 
IVb,  e278  =  1 .489  1/g  cm.  The  concentration  of  pig  brain 
tubulin  was  also  determined  spectrophotometrically  (e278 
=  1.2  1/g  cm)  [Detrich  III  and  Williams  Jr„  1978],  Gels 
were  transferred  to  PVDF  membranes  for  immunoblot- 
ting  and  the  reactivity  of  the  fusion  proteins  and  pig 
brain  were  compared  using  densitometry.  Correction  fac¬ 
tors  and  standard  errors  were  calculated  for  each  anti¬ 
body  (Table  II)  from  triplicate  Western  blots  by  dividing 
the  known  amount  of  (3-tubulin  fusion  protein  loaded  on 


TABLE  II.  Corrections  for  (I-Tubulin  Isotype  Data 

Determined  Using  Pig  Brain  Standards 

(I-  Tubulin  class 

Correction  factor  ±  SEa 

1 

0.64  ±0.12 

II 

0.61  ±0.17 

III 

0.27  ±  0.047 

IVa  +  IVb 

1.31  ±  0.31 

“These  correction  factors  were  used  to  calculate  the  actual  amount  of 
P-tubulin  in  human  cell  lines:  P-tubulinhumm  =  correction  factor  X  p- 
tubulinpig  brain.  Correction  factors  were  calculated  as  the  actual  amount 
(jag)  of  p-tubulin  fusion  protein  loaded  on  the  gel  for  Western  blotting 
divided  by  the  amount  of  p-tubulin  predicted  using  pig  brain  tubulin 
for  the  standard  curve.  The  standard  error  (SE)  from  triplicate  blots  is 
indicated. 
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TABLE  III.  (3-Tubulin  Isotype  Protein  and  mRNA  Levels 


Cell  line 

PI 

pn  pin 

(3IVa 

(3  IVb 

pv 

Percentage  tubulin  isotype  mRNA 

Colon  cancer 

COLO  205 

85.7 

0.6  2.6 

0 

11.1 

0 

HCT-15 

65.0 

0.8  3.4 

0 

5.1 

25.8 

Breast  cancer 

BT-549 

74.9 

0.1  16.0 

0 

2.3 

6.7 

T-47D 

76.2 

0.7  0.7 

0.1 

6.4 

16.4 

MCF-7 

78.1 

0.2  14.1 

0.1 

4.3 

3.2 

MDA-MB-231 

78.3 

0.2  2.4 

0 

15.8 

13.2 

Luns cancer 

A549 

57.8 

2.3  6.7 

0.5 

4.2 

28.5 

HOP  is 

38.9 

6.6  14.8 

0 

9.7 

30.0 

Melanoma 

Malme-3M 

57.7 

13.5  8.0 

4.1 

1.6 

15.2 

SK -MEL-2 

51.2 

1.1  3.5 

0.9 

3.1 

40.2 

Ovarian  cancer 

OVCAR-3 

42.6 

5.2  5.2 

0.7 

9.4 

36.8 

SK-OV-3 

55.9 

0  1.6 

0.1 

4.3 

38.1 

Cell  line 

PI 

pH 

pm 

piVa  +  piVb 

Percentage  tubulin  isotype  protein 

Colon  cancer 

COLO  205 

36.0 

0 

0 

64.0 

1 ICT-15 

61.8 

0 

0.2 

38.0 

Breast  cancer 

BT-549 

65.9 

0.6 

6.4 

27.1 

T-47D 

85.7 

0 

0 

14.3 

MCF-7 

39.1 

0 

2.5 

58.4 

MDA-MB-231 

76.1 

0 

0 

23.9 

Lung  cancer 

A549 

71.9 

0 

1.6 

26.5 

HOP  18 

63.2 

1.5 

5.0 

30.3 

Melanoma 

Malme-3M 

84.4 

3.8 

5.1 

7.0 

SK-MEL-2 

73.1 

1.4 

1.5 

24.0 

Ovarian  cancer 

OVCAR-3 

97.0 

0 

0 

3.1 

SK-OV-3 

85.6 

0 

0.8 

13.6 

the  gel  by  the  amount  of  (3-tubulin  isotype  estimated 
from  the  pig  brain  standard  curve.  These  factors  were 
used  to  correct  the  data  obtained  using  pig  brain  standard 
curves  on  the  Western  blots.  The  percentages  of  tubulin 
isotype  proteins  shown  in  Table  III  and  Fig.  3b  were  cor¬ 
rected  using  the  correction  factors  in  Table  II. 

RESULTS 

(3-Tubulin  mRNA  Expression 

We  used  qRT-PCR  to  measure  the  amounts  of  (3- 
tubulin  isotype  mRNA  classes  I,  II,  III,  IVa,  IVb,  V,  and 
VI  for  each  of  the  12  cell  lines  (Fig.  2).  The  mRNA  lev¬ 
els  for  each  isotype,  with  the  exception  of  class  I,  dif¬ 
fered  by  more  than  10-fold  between  the  12  cell  lines; 
however,  the  total  tubulin  mRNA  levels  were  found  to 
be  fairly  constant,  differing  by  less  than  10-fold  across 


all  12  cell  lines.  This  is  consistent  with  the  previous  sug¬ 
gestion  that  total  tubulin  expression  levels  are  regulated 
to  fulfill  the  function  of  the  cytoskeleton  [Cabral  and 
Barlow,  1991;  Wang  and  Cabral,  2005]. 

Figure  3a  and  Table  III  present  the  isotype  mRNA 
data  as  percentages  of  total  (3 -tubulin  mRNA  for  each 
cell  line.  As  reported  for  other  cell  lines  [Nicoletti  et  al., 
2001],  it  is  clear  that  (3-tubulin  class  I  mRNA  comprises 
more  than  50%  of  the  (3-tubulin  mRNA  for  all  but  two  of 
the  cell  lines  examined.  As  expected,  the  hematopoietic- 
specific  (3-tubulin  class  VI  mRNA  was  either  absent  or 
4-6  orders  of  magnitude  less  prevalent  (Fig.  2)  than  (3- 
tubulin  class  I.  The  neuron-specific  isotype,  (3-tubulin 
class  III,  was  expressed  at  relatively  high  levels  (>10% 
of  total  mRNA)  in  3  of  the  12  cell  lines,  including  2  of 
the  4  breast  cancer  cell  lines.  In  fact,  [3-tubulin  class  III 
mRNA  constituted  more  than  1%  of  the  tubulin  message 
in  all  of  the  cell  lines  except  T-47D,  a  surprising  result 
considering  that  (3-tubulin  class  III  is  neuron  specific.  In 
addition,  several  cell  lines  expressed  very  low  but  meas¬ 
urable  levels  of  the  “neuron-specific”  (3-tubulin  class 
IVa.  Relatively  high  levels  of  (3-tubulin  class  V  mRNA 
(>25%  of  the  total  (3-tubulin  mRNA)  were  detected  in 
half  of  the  cell  lines.  This  raises  the  intriguing  possibility 
that  (3-tubulin  class  V  is  highly  expressed  in  human  cells, 
something  that  has  not  been  measurable  until  recently 
due  to  the  absence  of  a  commercially  available  (3-tubulin 
class  V  antibody.  Overall,  the  mRNA  levels  of  (3-tubulin 
class  IVb  were  comparable  to  those  of  (3-tubulin  class 
III,  although  one  or  the  other  was  significantly  more 
abundant  in  some  cell  lines.  In  general,  (3-tubulin  class  II 
mRNA  was  less  abundant  than  (3-tubulin  classes  I,  III, 
IVb,  and  V  messages. 

Because  alterations  in  tubulin  isotype  levels  have 
been  implicated  in  resistance  to  antimitotic  agents 
[Kavallaris  et  al.,  1997,  1999;  Ranganathan  et  al.,  1998; 
Banerjee,  2002],  we  measured  IC5o  levels  for  all  12  cell 
lines  used  in  this  study  (Table  IV).  No  correlations 
between  IC50  values  and  tubulin  isotype  mRNA  levels 
were  found  (data  not  shown).  However,  these  cell  lines 
represent  several  tumor  types  and  the  contribution  of 
tubulin  isotypes  to  drug  sensitivity  could  be  masked  by 
many  factors. 

p-Tubulin  Protein  Levels 

Mouse  monoclonal  antibodies  specific  for  (3 -tubulin 
classes  I,  II,  III,  and  IVa  +  IVb  were  utilized  in  quantita¬ 
tive  Western  blotting  of  whole  cell  lysates  from  12  human 
cell  lines.  We  found  that  pig  brain  tubulin  is  a  plentiful 
and  reliable  source  of  tubulin  for  standard  curves  on 
Western  blots.  However,  because  pig  brain  tubulin  and 
human  cell  lysates  may  react  differently  with  the  mono¬ 
clonal  antibodies,  we  constructed  fusion  proteins  with  the 
human  tubulin  carboxyl  terminal  peptides  and  compared 
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Fig.  2.  (3-Tubulin  isotype  mRNA  for  twelve 
cell  lines.  Mean  data  from  qRT-PCR  of  two  or 
more  cell  preps  are  shown.  Data  from  (3-tubulin 
isotype  classes  I  (1),  II  (2),  III  (3),  IVa  (4a),  IVb 
(4b),  V  (5),  and  VI  (6)  were  summed  to  calculate 
the  total  (3-tubulin  mRNA  in  each  cell  line. 


their  reactivities  on  Western  blots  with  that  of  pig  brain 
tubulin.  The  largest  difference  in  reactivity  was  found  for 
(3-tubulin  class  in  (Table  II).  The  reaction  of  TUJ1  mono¬ 
clonal  antibody  with  pig  brain  standard  overestimates  the 
actual  amount  of  human  (3-tubulin  class  III  fusion  protein 
by  3.7  (±0.6)-fold.  (3-Tubulin  classes  I  and  II  are  overes¬ 
timated  by  about  1.6  (±0.4)-fold  using  the  pig  brain 
standards,  and  (3-tubulin  classes  IVa  +  IVb  are  underesti¬ 
mated  by  about  0.8  (±0.2)-fold.  We  adjusted  all  tubulin 
measurements,  using  the  correction  factors  in  Table  II,  to 
estimate  actual  tubulin  protein  levels  in  human  cell  lines. 
An  alternate  method  of  standardization  is  to  construct 
standard  curves  with  the  (3-tubulin  fusion  proteins.  The 
advantage  of  the  quantitative  immunoblot  method  pre¬ 
sented  here  is  that  it  can  be  used  as  a  rigorous  tool  for 
studying  tubulin  levels  in  whole  cell  or  tissue  lysates 
without  requiring  fusion  protein  standards. 

We  used  quantitative  Western  blotting  of  whole  cell 
lysates  to  measure  (3-tubulin  isotype  protein  levels  for 
classes  I,  II,  III,  and  IVa  +  IVb  (Fig.  3b  and  Table  III), 
Significant  levels  of  (3-tubulin  classes  I  and  IVa  +  IVb 
were  found  in  all  12  cell  lines,  ranging  from  36.0-97.0% 
for  (3-tubulin  class  I  and  from  3.1-64.0%  for  (3-tubulin 
classes  IVa  +  IVb.  (3-Tubulin  class  I  comprised  >50%  of 
the  total  (3-tubulin  measured  in  10  of  the  12  cell  lines.  0- 
Tubulin  classes  IVa  +  IVb  comprised  >50%  of  the  total 
(3-tubulin  in  breast  cancer  (MCF-7)  and  colon  cancer 
t  COLO  205)  cells.  (3-Tubulin  class  III  comprised  more 
than  1%  of  the  total  (3-tubulin  protein  (1.5-6.4%)  in 


breast  cancer  cell  lines,  BT-549  and  MCF-7;  lung  cancer 
cells,  A549  and  HOP  18;  and  melanoma  cells,  Malme-3M 
and  SK-MEL-2.  (3-Tubulin  class  II  was  found  at  low  but 
measurable  levels  (0.6-3. 8%)  in  only  four  cell  lines — 
breast  cancer  (BT-549),  lung  cancer  (HOP  18)  and  mela¬ 
noma  (SK-MEL-2  and  Malme-3M)  cell  lines. 

Comparison  of  mRNA  and  Protein 

(3-Tubulin  mRNA  and  protein  levels  for  isotype 
classes  I,  II,  III,  and  IVa  +  IVb  are  compared  in  Fig.  4. 
(3-Tubulin  classes  V  and  VI  mRNA  data  were  not 
included  in  this  analysis  because  we  did  not  have  corre¬ 
sponding  protein  data.  Thus,  the  percentages  of  [3-tubulin 
isotype  mRNA  in  Fig.  4  were  calculated  assuming  that 
the  total  tubulin  was  comprised  of  only  (3-tubulin  isotype 
classes  I,  II,  III,  and  IVa  +  IVb.  (3-Tubulin  classes  I  and 
IVa  +  IVb  are  present  in  greatest  abundance  for  both 
mRNA  and  protein.  Only  (3-tubulin  class  I  data  suggest  a 
near  one-to-one  correspondence  for  mRNA  and  protein. 
For  (3-tubulin  class  I,  10  of  the  12  cell  lines  have  both 
mRNA  and  protein  levels  >50%.  For  (3-tubulin  class 
IVa  +  IVb,  there  is  consistently  more  protein  than 
mRNA  in  10  of  the  12  cell  lines.  0-Tubulin  class  II 
protein  is  found  in  only  four  cell  lines;  therefore,  no  gen¬ 
eral  conclusions  regarding  the  relationship  between 
mRNA  and  protein  levels  can  be  made.  (3-Tubulin  class 
III  protein  is  found  in  eight  cell  lines.  The  mRNA  and 
protein  amounts  for  (3-tubulin  class  III  correspond  (Fig. 
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TABLE  IV.  Drug  Sensitivities  of  Human  Cancer  Cell  Lines  to  Paclitaxel  and  Vinblastine  as  Measured  by  Two  Different  Assays 


Cancer  cell  line 


Drug 


IC50  (nM  ) 


IC50  (nM)  Mean 


Fold  difference 


Colon 

COLO-205 
I1CT-15 
COLO- 205 
11CT-15 
Breast 
BT-549 
MCF-7 

MDA-MB-231 

T-47D 

BT-549 

MCF-7 

MDA-MB-231 
T-47D 
Lung 
A-549 
HOP- IS 
A-549 
HOP- 18 
Melanoma 
Malme-3M 
SK-MEL-2 
Malme-3M 
SK-MEL-2 
Ovarian 
OVCAR-3 
SK-OV-3 
OVCAR-3 
SK-OV-3 


Paclitaxel 

Paclitaxel 

Vinblastine 

Vinblastine 

Paclitaxel 

Paclitaxel 

Paclitaxel 

Paclitaxel 

Vinblastine 

Vinblastine 

Vinblastine 

Vinblastine 

Paclitaxel 

Paclitaxel 

Vinblastine 

Vinblastine 

Paclitaxel 

Paclitaxel 

Vinblastine 

Vinblastine 

Paclitaxel 

Paclitaxel 

Vinblastine 

Vinblastine 


Cell  count 

29.2 

6.4 

0.6 

31.1 

4.3 
1.0 
0.3 
0.8 
0.9 
0.4 
2.2 

5.3 

2.9 

0.6 

2.1 

0.7 

4.2 
3.7 
0.3 
0.6 

2.1 

2.0 

3.7 

2.3 


MTS  assay2 

26.1 

2.8 

0.7 

24.9 

5.5 
1.0 
0.5 

2.3 

1.3 
0.4 
0.9 

13.5 

2.5 
0.8 
1.2 
0.4 

4.6 

4.1 

1.1 
1.3 

0.8 

4.6 

1.3 

0.9 


27.7 

4.6 

0.7 

28.0 

4.9 

1.0 

0.4 

1.5 
1.1 
0.4 

1.6 

9.3 

2.7 
0.7 

1.7 
0.5 

4.4 
3.9 
0.7 
0.9 

1.5 
3.3 

2.5 

1.6 


6.0 


40 


4.9  (MCF7),  12.3  (MDA),  3.3  (T-47D) 

2.5  (MDA) 

1.5  (MCF7),  3.8  (MDA) 

2.8  (MCF7) 

1.5  (BT549),  4.0  (MCF7) 

8.5  (BT549),  23.3  (MCF7),  5.8  (MDA) 

3.9 
3.4 


1.1 


1.3 


2.2 

1.6 


“MTS  is  3-(4,5-dimethylthiazol-2-y])-5-(3-caiboxymethoxyphenyl)-2-(4-su]fophenyl)-2H-tetrazolium,  inner  salt,  a  component  of  CellTiter  96l? 

AO„„„,  One  Solution  Cell  Proliferation  Assay.  . 

h Determined  by  dividing  the  larger  mean  IC50  by  the  smaller  for  each  pair  of  cell  lines.  For  the  breast  cancer  cells,  the  cell  line  compared  is 

given  in  parentheses. 


4.  Panel  c  insert),  although  there  is  consistently  more 
mRNA  than  protein. 

DISCUSSION 

The  role  of  (3-tubulin  isotype  levels  in  determining 
cellular  responses  to  antimitotic  agents  has  been  contro¬ 
versial  for  more  than  a  decade.  Most  studies  have  relied 
upon  measurements  of  intracellular  tubulin  mRNA  levels 
to  infer  protein  levels.  However,  mRNA  and  protein  lev¬ 
els  are  not  correlated  for  many  human  and  yeast  proteins, 
especially  those  that  are  regulated  by  posttranscriptional 
processes  [Anderson  and  Seilhamer,  1997;  Gygi  et  ah, 
1999],  Thus,  it  is  important  to  establish  whether  there  is 
a  correlation  between  tubulin  mRNA  and  protein  levels 
so  as  to  better  understand  mechanisms  that  may  underlie 
drug  resistance. 

We  present  here  a  reliable  method  for  quantifying 
[3-tubulin  protein  levels  in  whole  cell  lysates.  We  dem¬ 
onstrated  that  tubulin  isotype  fusion  proteins  or  pig  brain 


tubulin  calibrated  with  the  fusion  proteins  can  be  used  to 
create  a  standard  curve  on  Western  blots.  We  find  this  to 
be  an  acceptable  method  for  protein  quantification  for 
the  following  reasons:  (1)  The  monoclonal  antibodies 
used  in  this  work  are  highly  specific  as  demonstrated  by 
blots  with  either  purified  tubulin  isotypes  or  tubulin  iso¬ 
type  fusion  proteins  [Lee  et  al.,  1990;  Lobert  et  al.,  1995, 
1998;  Roach  et  al.,  1998]  (Fig.  1).  (2)  The  data  are 
highly  reproducible.  We  present  here  data  collected  from 
independent  cell  protein  extractions  and  at  least  three 
Western  blots  for  each  whole  cell  lysate.  The  standard 
error  for  each  measurement  was  propagated  from  the 
biological  (individual  protein  preparations)  and  technical 
(individual  Western  blots)  replicates  and  is  represented 
as  the  error  bars  in  Fig.  3b.  For  the  two  most  abundant 
isotypes  measured,  |3-tubulin  classes  I  and  IVa  +  IVb, 
the  average  error  was  14.6%  and  23.3%,  respectively. 
(3)  There  is  good  agreement  between  the  mRNA  and 
protein  levels  for  (3-tubulin  isotype  classes  I  and  III 
(although  for  [3-tubulin  class  III  the  correspondence  is 
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not  one-to-one).  The  agreement  in  isotype  percentages 
by  two  independent  methods  supports  the  findings  and 
the  method  used  for  protein  quantification. 

The  higher  (3-tubulin  class  IVa  +  IVb  protein  lev¬ 
els  compared  to  mRNA  levels  suggest  possible  differen¬ 
tial  regulatory  mechanisms  for  this  isotype  compared  to 
[3-tubulin  classes  I  and  III.  Fine  tuning  of  tubulin  levels 
during  the  cell  cycle  occurs  via  autoregulation.  This 
process  alters  mRNA  stability  and  requires  both  an 
essential  sequence  on  polysomal  (3-tubulin  mRNA  and 
an  aminoterminal  Met-Arg-Glu-Ile  on  the  nascent  tubu¬ 
lin  polypeptide  [Pachter  et  al.,  1987;  Cleveland,  1988; 
Yen  et  al.,  1988].  Furthermore,  a-tubulin  mRNA  levels 
remain  high  even  when  protein  synthesis  is  repressed 
[Gonzalez-Garay  and  Cabral,  1996].  In  fact,  a-tubulin 
synthesis  in  Chinese  hamster  ovary  (CHO)  cells  appears 
to  play  a  role  in  regulating  (3-tubulin  protein  levels.  This 
phenomenon  of  tubulin  posttranscriptional  autoregula¬ 
tion  was  demonstrated  in  a  wide  variety  of  vertebrate 
and  invertebrate  cell  types.  Intracellular  tubulin  levels 
are  also  transcriptionally  regulated  [Cleveland,  1989].  It 
is  possible  that  individual  isotypes  may  be  differentially 
regulated  while  maintaining  free  tubulin  subunits  at  lev¬ 
els  necessary  for  different  phases  of  the  cell  cycle.  Our 
data  demonstrate  relatively  constant  amounts  of  total 
tubulin  message  in  spite  of  variations  in  individual  iso¬ 
type  mRNA  levels  (Fig.  2).  Because  of  the  relatively  low 
levels  of  (3-tubulin  classes  IVa  +  IVb  mRNA  compared 
to  protein,  our  data  suggest  that  differential  methods  for 
regulating  (3-tubulin  classes  (I  or  III  vs.  IVa  +  IVb)  are 
likely.  Alternatively,  pairing  of  specific  a-  and  (3-tubu¬ 
lins  may  lead  to  differential  stability  of  (3-tubulins 
[Hoyle  et  al.,  2001]. 

(3-Tubulin  class  III  has  been  studied  extensively  for 
its  potential  role  in  resistance  to  antimitotic  agents.  For 
example,  paclitaxel-resistant  lung  cancer  cells  and  ovarian 
tumors  were  shown  to  have  increased  levels  of  tubulin  iso¬ 
types,  particularly  (3-tubulin  classes  III  and  IVa  mRNA 
levels  [Kavallaris  et  al.,  1997].  Furthermore,  when  pacli¬ 
taxel-resistant  lung  cancer  cells  were  treated  with  antisense 
oligonucleotides  for  (3-tubulin  class  HI,  the  drug  resistance 
was  partially  reversed,  coincident  with  reduced  protein 
levels  of  (3-tubulin  class  III  [Kavallaris  et  al.,  1999].  In 
other  work,  (3-tubulin  classes  HI  and  IVa  transcripts  were 
shown  to  increase  in  paclitaxel-resistant  prostate  cancer 
cells  [Ranganathan  et  al.,  1998],  Combined  isoelectric  fo¬ 
cusing  and  mass  spectrometry  were  used  to  measure  tubu¬ 
lin  isotypes  in  four  cell  lines  [Verdier-Pinard  et  al.,  2003], 
This  report  demonstrated  an  increase  in  (3-tubulin  class  III 
and  associated  this  with  paclitaxel  resistance  in  lung  can¬ 
cer  cells.  In  the  most  convincing  study,  when  cells  were 
transfected  with  (3-tubulin  class  III,  weak  resistance  to 
paclitaxel  was  found  and  this  resistance  was  associated 
with  decreased  microtubule  stability  [Hari  et  al.,  2002], 


Thus,  there  is  considerable  interest  in  determining  whether 
functional  (3-tubulin  class  III  protein  is  involved  in  mecha¬ 
nisms  that  cause  resistance  to  antimitotic  agents.  Because 
qRT-PCR  is  a  commonly  used  reliable  method  for  quanti¬ 
tation  of  mRNA  levels,  it  is  potentially  an  important 
method  for  better  understanding  the  role  of  (3-tubulin  iso¬ 
types  in  drug  resistance.  To  draw  conclusions  from  mRNA 
measurements,  it  is  essential  to  know  whether  transcript 
levels  correlate  with  protein  levels.  In  the  work  described 
here,  [3-tubulin  class  HI  mRNA  and  protein  levels  are  cor¬ 
related  but  do  not  demonstrate  one-to-one  correspondence. 
(3-Tubulin  class  III  mRNA  may  be  useful  for  comparing 
relative  amounts  of  this  isotype  across  cell  and  tissue  sam¬ 
ples;  however,  quantitatively  inferring  (3-tubulin  protein 
levels  from  mRNA  levels  within  a  cell  or  tissue  type 
should  be  done  with  caution. 

The  work  of  Bhattacharya  and  Cabral  [2004]  sug¬ 
gests  a  minimum  threshold  level  for  (3-tubulin  class  V 
that  alters  mitotic  spindle  function.  They  found  that 
modest  increases  in  (3-tubulin  class  V,  to  levels  of  15% 
or  more  of  the  total  |3-tubulin,  may  increase  microtu¬ 
bule  dynamics  and  decrease  microtubule  polymer  lev¬ 
els.  This  was  shown  to  be  associated  with  weak  resist¬ 
ance  to  paclitaxel.  We  found  threshold  levels  of  13- 
tubulin  class  V  mRNA  (>15%)  in  several  cell  lines: 
colon  cancer,  HCT-15;  breast  cancer,  T-47D;  lung  can¬ 
cer,  A549  and  HOP-18;  melanoma,  Malme-3M  and 
SK-MEL-2;  ovarian,  OVCAR-3  and  SK-OV-3.  We 
found  no  correlation  between  IC50  values  for  paclitaxel 
or  vinblastine  and  percentage  |3-tubulin  class  V  mRNA 
(data  not  shown).  While  the  relationship  between 
mRNA  and  protein  levels  for  this  isotype  remains  to  be 
determined,  one  difference  between  the  work  reported 
here  and  that  of  Bhattacharya  and  Cabral  [2004]  is  that 
they  carefully  established  that  only  one  variable  is 
altered  in  the  (3-tubulin  class  V  overexpressing  CHO 
cells.  In  our  work,  many  valuables  differ  among  the  12 
cell  lines  and  some  of  them  may  compensate  for 
changes  in  (3-tubulin  class  V  levels.  Preliminary  exami¬ 
nation  of  one  of  the  breast  cancer  cell  lines,  BT-549, 
by  mass  spectrometry  revealed  the  presence  of  (3-tubu- 
lin  class  V  (data  not  shown).  Therefore,  we  expect  to 
find  (3-tubulin  class  V  protein  in  some  or  all  of  the 
twelve  cell  lines.  We  have  recently  developed  a  mono¬ 
clonal  antibody  to  (3-tubulin  class  V,  which  should  per¬ 
mit  quantitative  measurement  of  protein  levels  and  pro¬ 
vide  data  regarding  the  contribution  of  (3-tubulin  class 
V  to  drug  resistance. 

CONCLUSIONS 

From  our  comparison  of  (3-tubulin  isotype  mRNA 
and  protein  levels  on  12  human  cancer  cell  lines,  we  con¬ 
clude  that  quantitative  Western  blotting,  utilizing  human 
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(3-tubulin  fusion  proteins  or  pig  brain  tubulin  with  appro¬ 
priate  correction  factors,  is  a  reliable  method  for  quanti¬ 
fying  (3-tubulin  isotypes  in  human  cancer  cell  lines.  We 
found  a  good  correspondence  between  (3-tubulin  mRNA 
and  protein  levels  for  classes  I  and  III.  For  (3-tubulin 
classes  IVa  +  IVb,  the  higher  levels  of  protein  compared 
to  mRNA  suggest  potential  differential  regulatory  mech¬ 
anisms  for  (3-tubulin  isotypes. 
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Based  on  the  Loewe  additivity  reference  model,  many  existing  response  surface  models  require 
constant  relative  potency  and  some  of  them  use  a  single  parameter  to  capture  synergy,  additivity, 
or  antagonism.  However,  the  assumption  of  constant  relative  potency  is  too  restrictive,  and  these 
models  using  a  single  parameter  to  capture  drug  interaction  are  inadequate  to  describe  the  phe¬ 
nomenon  when  synergy,  additivity,  and  antagonism  are  interspersed  in  different  regions  of  drug 
combinations.  We  propose  a  generalized  response  surface  model  with  a  function  of  doses  instead  of 
one  single  parameter  to  identify  and  quantify  departure  from  additivity.  The  proposed  model  can 
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1.  Introduction 


Studies  of  interactions  among  biologically  active  agents,  such  as  drugs,  carcinogens,  or  environ 
mental  pollutants,  have  become  increasingly  important  in  many  branches  of  biomedical  research 
(Suhnel.  1998).  An  effective  and  accurate  evaluation  of  drug  interaction  for  in  vitro  and/or  in 
vivo  studies  can  help  to  determine  whether  a  combination  therapy  should  be  further  investigated 
in  clinical  trials. 

The  literature  supports  the  notion  that  Loewe  additivity  model  can  be  considered  as  the  “gold 
standard”  to  define  drug  interactions  (Berenbaum,  1989;  Greco,  Bravo,  and  Parsons,  1995,  Lee, 
Kong,  and  Ayers,  2005).  Based  on  the  Loewe  additivity  model,  we  focus  on  applying  response 
surface  method  (RSM)  to  study  drug  interaction.  The  RSM,  which  involves  an  estimation  of 
the  n  -  1  dimensional  response  surface  in  n  drug  combinations,  can  take  all  of  the  information 
present  in  the  full  dose-effect  data  set  for  n  drugs  to  give  a  complete  picture  of  drug  interactions 
over  all  possible  drug  combinations.  In  addition,  the  RSM  can  be  used  to  determine  the  optimal 
combination  therapy.  Many  examples  of  the  RSM  (e.g.,  Finney,  1971;  Greco,  Park,  and  Rustum, 
1990:  and  Plummer  and  Short,  1990)  used  a  single  parameter  to  capture  synergy,  additivity,  or 
antagonism.  These  approaches  are  valid  if  only  either  synergy,  additivity,  or  antagonism  exists 
t  hroughout  the  whole  surface.  They  are  inadequate  to  describe  the  presence  of  pockets  of  local 
synergy  or  local  antagonism  when  they  are  interspersed  in  different  regions  of  the  drug  combina¬ 
tions.  White.  Faessel,  Slocum,  Khinkis,  and  Greco  (2004)  proposed  a  nonlinear  mixture  response 
surface  approach  based  on  the  assumption  that  the  combination  doses  at  each  fixed  ratio  follow 
the  median-effect  model  (Chou  and  Talalay,  1984),  and  the  parameters  in  the  median  effect  model 
are  assumed  to  be  polynomials  of  the  ratio.  The  resulting  models  capture  synergy,  additivity, 
or  antagonism  exclusively  based  on  the  50%  maximal  effect  isoboles.  However,  at  a  fixed  ratio, 
the  combination  doses  of  two  drugs  do  not  necessarily  yield  the  same  mode  of  drug  interactions 
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as  that  at  50%  maximal  effect.  For  example,  Savelev,  Okello,  Perry,  Wilkins,  and  Perry  (2003) 
showed  that  the  combinations  of  1,8-cineole  and  a-pinene  at  the  fixed  ratio  11:1  are  synergistic 
for  higher  combination  doses  and  additive  for  lower  combination  dose.  To  address  this  issue,  we 
propose  a  generalized  response  surface  (GRS)  model  for  two  drugs.  Instead  of  using  one  single 
parameter,  we  construct  a  function  of  the  doses  of  two  drugs  to  capture  synergy,  additivity,  and 
antagonism  without  assuming  any  fixed  patterns  of  drug  interactions.  The  model  contains  a  rich 
class  of  dose-response  relationships  and  allows  the  drug  interaction  patterns  to  be  determined  by 
the  observed  data. 

Before  we  proceed,  let  us  recall  a  widely  used  model  that  provides  a  dose-response  curve  for  a 
single  agent:  Chou  and  Talalay’s  (1984)  median  effect  equation, 


E  = 


(— r 
i  +  <ir>’ 

s-s  m 


(1) 


Here  d  is  the  dose  of  a  drug,  Dm  is  the  median  effective  dose  of  a  drug,  and  m  is  a  slope  parameter 
depicting  the  shape  of  the  dose-response  curve.  All  these  dose-response  curves  can  be  rewritten 
as  Y ,  a  monotone  function  of  E,  having  a  linear  relationship  with  logd.  For  example,  the  median 
effect  equation  has  the  form 


E 


Y  =  log  - - -  =  m(log  d  -  log  Dm) . 


(2) 


All  the  families  described  by  Suhnel  (1998),  excluding  Weibull  family,  can  take  such  form  by 
establishing  a  linear  relationship  between  a  monotone  transformation  of  E  and  log  d.  Tallarida 
(2000,  Chapter  2)  pointed  out  that,  in  many  settings,  the  data  point  in  the  mid  range  (say 
between  20%  and  80%  of  the  maximum  effect)  typically  displays  a  nearly  linear  trend  between  the 
response  and  the  log  d  when  responses  are  measured  on  a  continuous  scale.  For  quantal  response 
data.  Finney  (1971)  and  Govindarajulu  (2001)  pointed  out  that  the  probit  or  logistic  transformed 
response  usually  exhibits  a  linear  relationship  with  logd.  Consequently,  we  assume  that  the 
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response  or  transformed  response  follows  a  linear  function  of  log  d  for  each  of  the  two  drugs  when 
acting  alone.  Without  loss  of  generality,  we  denote  the  dose-response  curve  as  Y  =  A>  +  A  log  d. 

Suhnel  (1998)  explicitly  derived  the  combined  additive  effect  of  two  drugs  under  the  Loewe 
additivity  model  and  made  the  assumption  that  the  slopes  3i  are  the  same  for  both  drugs.  Finney 
(1971)  proposed  an  additivity  model  for  two  drugs  as  F  —  f30+fii  \og(di+pd2)  for  the  combination 
dose  (rfi ,  da),  where  p  is  the  relative  potency  of  drug  2  versus  drug  1  and  is  assumed  to  be  a 
constant.  The  constant  p  again  implies  that  the  two  dose-response  curves  have  the  same  slope. 
To  construct  a  generalized  model,  we  would  first  loosen  the  parallel  assumption  by  allowing  a 
varying  relative  potency.  Next,  we  propose  the  use  of  a  quadratic  function  of  two  doses  instead  of 
one  single  parameter  to  depict  different  patterns  of  drug  interactions.  The  proposed  model  can  be 
considered  as  a  generalization  of  Finney’s  model  (1971)  and  the  model  derived  by  Plummer  and 
Short  (1990).  We  will  describe  our  proposed  model  in  Section  2,  relate  this  new  model  to  isoboles 
and  interaction  indices  in  Section  3,  state  how  to  make  inference  on  drug  combinations  in  Section 
4.  and  give  simulations  and  examples  to  illustrate  how  the  new  approach  performs  in  Section  5. 
The  last  section  is  devoted  to  discussion. 

2.  Derivation  of  the  generalized  response  surface  (GRS)  model 

Recall  the  Loewe  additivity  model  (Loewe  and  Muischnek,  1926;  Berenbaum,  1989;  Greco  et 

al,  1995;  Lee  et  al. ,  2005) 


where  d\ ,  do  are  doses  of  drug  1  and  drug  2  in  the  mixture  eliciting  an  effect  y,  and  Dy> i  and  Dy> 2 
are  the  respective  single-agent  doses  of  drugl  and  drug  2  that  elicit  the  effect  y.  One  can  obtain 
the  predicted  additive  effect  based  on  the  Loewe  additivity  model  providing  that  the  dose-effect 
curves  for  each  of  the  two  drugs  are  known.  Suppose  that  the  dose-effect  curves  are  Fi(D{)  for 
drug  1  and  F2(D2 )  for  drug  2,  then  the  predicted  effect,  say  y,  can  be  obtained  by  solving  equation 
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i'3)  after  replacing  Dyi  by  F1_1(y)  and  DVi2  by  F21(y),  where  F”1  is  the  inverse  function  of  F \ 

' /'  —  1.2).  If  the  observed  effect  at  (di,d2)  is  more  than  or  less  than  the  predicted  effect,  the 
combination  dose  {di,d2)  is  correspondingly  synergistic  or  antagonistic. 

Note  that  the  above  additive  equation  (3)  can  be  rewritten  as 


d\  T  d[ 


A,i 
A, 2 


At 


(4) 


Denote  as  p(y),  which  is  the  relative  potency  of  drug  2  versus  drug  1,  meaning  that  1  unit  of 
drug  2  has  the  same  effect  as  p(y)  units  of  drug  1.  Grabovsky  and  Tallarida  (2004)  addressed  the 
issue  that  the  relative  potency  may  vary.  The  nonparallel  dose-effect  curves  introduced  by  Suhnel 
(1998)  can  also  be  interpreted  as  the  varying  relative  potency.  When  the  relative  potency  varies, 
finding  a  method  to  transform  the  combination  dose  (di,d2)  into  the  equivalent  doses  of  drug  1  or 
drug  2  requires  careful  investigation.  In  the  following  derivation,  we  uphold  the  Loewe  additivity 
model  regardless  of  the  shape  of  the  dose-effect  curve  associated  with  each  single  drug.  We  expound 
the  interpretation  of  the  varying  relative  potency,  its  correct  usage,  and  the  relationship  of  various 
quantities  in  equation  (4)  in  Appendix  A.  From  Appendix  A,  it  follows  that  the  additive  y-isobole 
is  a  straight  line  PQ,  which  connects  P  =  (DVti,  0)  and  Q  =  (0,Dyi2)  (Figure  1,  Panel  A).  Each 
drug  combination  (di,  d2)  on  the  y-isobole  shares  the  same  relative  potency  p(y),  and  its  equivalent 
amount  dose  is  di  +  p(y)d2  in  terms  of  drug  1,  or  p{y)~ld\  +  d2  in  terms  of  drug  2.  On  the  other 
hand,  the  combination  doses  on  different  additive  isoboles  may  have  different  relative  potencies  as 
shown  in  Figure  1,  Panel  B. 

In  this  paper,  we  construct  a  generalized  response  surface  (GRS)  model  which  incorporates 
the  varying  relative  potency.  We  assume  that  the  log(dose)-response  curves  are  linear.  Without 
loss  of  generality,  the  model  derivation  begins  with  the  assumptions  of  a  constant  relative  potency 
and  a  Iog(dose)-effect  curve  for  drug  1: 


Y\  =  Po  +  Pi  log  DYl,i- 


(5) 
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surface  (GRS)  model  of  the  following  form 


Y  =  fo  +  Pi  log  (di  +  pd2  +  f(du  d2;  7,  «)(dipd2 )2 


(9) 


using  /(di,d2;7,  k)  to  capture  local  synergy,  local  additivity,  or  local  antagonism.  In  this  paper 
wo  take 

/(di,d2;  7,  k)  =  k0  +  Kid?  +  K2(pd2)2  +  K3di  +  K4pd2  +  K5(dipd2)2 ,  (10) 


where  /  is  a  function  of  di  and  d2  with  parameters  7’s  capturing  the  varying  relative  potency  p 

as  described  above  and  k’s  for  the  coefficients  of  the  quadratic  function. 

Our  main  considerations  for  using  the  term  /(di,d2;7, tv)(dipd2)2  are:  (0  the  marginal  dose- 

effect  curves  are  easily  obtained  and  are  impacted  as  little  as  possible  by  this  extra  term,  and  (ii) 

the  function  /  can  have  enough  flexibility  to  capture  the  departure  from  the  predicted  additivity 

effect,  30  -  Pi  log(di  +  pd2).  For  the  first  consideration,  we  used  the  factor  (dipd2)2,  and  for  the 

1  l 

second  consideration,  we  adopted  the  complete  quadratic  form  of  d?  and  (pd2)2  for  /(di,  d2, 7,  n). 
Extensive  search  and  simulations  show  that  the  proposed  model  parametrization  is  reasonable  and 
appropriate.  One  caveat  is  that  the  current  parametrization  may  contain  more  parameters  than 
necessary,  therefore,  model  selection  procedures  need  to  be  developed. 

The  following  equations  demonstrate  how  the  GRS  model  captures  different  patterns  of  drug 
interaction:  for  each  fixed  effect  level  y,  setting  d2  =  0  in  (9),  we  obtain  Dy>  1  =  exp?^^);  setting 
di  =  0,  we  obtain  Dyfi  =  p_1exp(^);  and  the  combination  dose  (d1;d2)  satisfies  exp(^)  = 
dj  +  pd2  -f  /(d1,d2;7,K)(d1pd2)i  Dividing  both  sides  by  exp(^)  and  rearranging  the  equality, 
the  interaction  index,  could  be  written  as 


Interaction  Index 


di 


D 


+ 


di 


y.i 


D 


y,  2 


p(7?) 


+ 


ex 


3_1  exp(2L- 


Pi 


=  1  - 


f{di,d2\'y,K)(d1pd2)*  = 

exp(^) 


1  + 


/(di,d2;7,K)(dipd2)a 

di  +  pd2 


-1 


(11) 
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From  (11),  the  polynomial  function  f{d1,d2]  7,  k)  being  greater  than,  equal  to,  or  less  than  zero 
corresponds  to  the  interaction  index  being  less  than,  equal  to,  or  greater  than  1,  and  consequently, 
this  combination  is  synergistic,  additive,  or  antagonistic,  respectively. 

3.  Relating  the  GRS  model  to  isoboles  and  interaction  indices 

Recall  that  an  isobole  consists  of  all  the  drug  combinations  which  elicit  the  same  effect  y.  So, 
each  curve  in  the  contour  plot  of  the  response  surface  (9)  can  be  viewed  as  an  isobole.  To  better 
understand  the  proposed  GRS  model,  we  examine  the  relationship  between  the  contour  plots  of 
the  response  surface,  the  polynomial  function,  and  the  interaction  index.  Chou  and  Talalay  s 
(1984)  median  effect  equation  (2)  is  used  to  model  the  dose-effect  curve  for  each  single  drug.  We 
begin  by  taking  the  simplest  case  that  the  two  dose-effect  curves  are  the  same  with  the  slope 
being  -1  and  the  median  effective  dose  being  1,  which  yields  f30  =  71  =  72  =  0,  (3\  =  -1,  and 
j)  --  1.  In  this  special  case  the  relative  potency  is  constant,  and  the  model  conforms  to  equation 
(G).  This  model  can  be  represented  in  the  GRS  model  (9)  by  taking  kz  =  0  (i  =  1,...,5) 
with  different  values  of  Ko  in  f(d\,  d2\ 7,  k).  Figure  2  Panels  A,  B,  and  C  illustrate  the  cases  for 
k,0  =  0,1,  -0.5,  respectively.  In  Panel  A,  the  contour  plot  of  the  response  surface  shows  that 
the  isoboles  are  straight  lines  (Subpanel  Al);  f(d\,  d2\ 7,  k)  is  a  constant  at  zero  (Subpanel  A2), 
and  the  interaction  index  is  a  constant  at  1  (Subpanel  A3).  All  three  subpanels  indicate  that  the 
combination  doses  are  additive.  In  Panel  B,  the  contour  plot  of  the  response  surface  shows  that 
the  isoboles  are  concave  down  (Subpanel  Bl);  f  (di,  d^]  y ,  k)  is  a  constant  at  1  (Subpanel  B2), 
and  the  interaction  indices  are  less  than  1  (Subpanel  B3).  All  three  subpanels  indicate  that  the 
combination  doses  are  synergistic.  Similarly,  Subpanel  Cl  shows  that  the  isoboles  are  concave  up, 
Subpanel  C2  shows  /(di,d2i7>K)  ==  —  0.5,  and  Subpanel  C3  shows  that  the  interaction  indices  are 
greater  than  1,  indicating  that  the  combination  doses  are  antagonistic.  These  special  cases  of  our 
proposed  model  with  /q  —  0  (i  —  1, . . . ,  5)  use  a  single  parameter  kq  to  capture  synergy,  additivity, 
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or  antagonism  and  they  reduce  to  Finney’s  model  and  Plummer  and  Short’s  model.  Beyond  these 
three  special  cases,  the  proposed  model  can  be  used  more  broadly,  in  particular  when  synergy 
and  antagonism  appear  in  different  combination  doses.  We  construct  a  case  in  panel  D  by  setting 
k0  ,=  k,  =  K2  =  0,  k3  =  0.5,  k4  =  -0.5,  and  =  0,  i.e.,  /(<*!,&;  7, «)  =  The  contour 

plot  of  the  response  surface  is  shown  in  Subpanel  Dl.  The  contour  plot  of  the  polynomial  function 
forms  straight  lines  at  a  45°  angle  (Subpanel  D2).  The  diagonal  line  0.54  -  0.5 d2  =  0  separates 
the  space  into  two  parts.  In  the  area  below  this  45°  diagonal  line,  the  polynomial  is  positive  and 
the  interaction  index  is  less  than  1  (Subpanel  D3),  indicating  that  the  combination  doses  in  this 
area  are  synergistic.  On  the  other  hand,  in  the  area  above  this  45°  diagonal  line,  the  polynomial 
is  negative  and  the  interaction  index  is  greater  than  1,  indicating  that  the  combination  doses  in 
this  area  are  antagonistic.  Furthermore,  to  show  the  varying  relative  potency,  we  set  71  =  0.1, 
-,2  =  -0.4  with  K0  =  0.9,  k3  =  -0.3,  and  a4  =  -0.3  (Panel  E).  The  isobole  with  effect  level  0.25  is 
a  straight  line  (Subpanel  El),  the  corresponding  polynomial  is  a  constant  at  zero  (Subpanel  E2), 
and  tire  interaction  index  is  a  constant  at  1  (Subpanel  E3),  indicating  that  all  the  combination 
doses  on  this  line  are  additive.  The  isoboles  with  effect  levels  greater  than  0.25  are  concave  down, 
the  corresponding  polynomial  is  positive,  and  the  interaction  index  is  less  than  1,  indicating  that 
the  combination  doses  in  these  regions  are  synergistic.  In  contrast,  the  isoboles  with  effect  levels 
less  than  0.25  are  concave  up,  the  corresponding  polynomial  is  negative,  and  the  interaction  index 
is  greater  than  1,  indicating  that  the  combination  doses  in  the  other  areas  are  antagonistic. 

4.  Statistical  consideration  of  the  GRS  model 

First  we  may  consider  whether  the  new  model  (9),  (10)  provides  a  significant  improvement  of 
Plummer  and  Short’s  model  by  testing  Ho  :  K\  =  =  «3  =  ^4  =  ^5  =  0  against  Hi  :  4  0  for 

any  i  (i  =  1, . . . ,  5)  using  the  F-statistics  (Gallant,  1987) 

_  (. RSSps  -  RSSfuii)/q  m) 

RSSfuH/(n-p) 
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with  q  —  5  and  n  —  p  degrees  of  freedom.  Here  n  is  the  number  of  observations  and  p  —  10  is  the 
number  of  parameters  in  model  (9).  RSSfuu  is  the  residual  sum  of  squares  of  our  GRS  model, 
and  RSSp-s  is  the  residual  sum  of  squares  of  Plummer  and  Short’s  model.  Rejecting  Ho  suggests 
that  Plummer  and  Short’s  model  does  not  provide  adequate  fit  to  the  data.  On  the  other  hand, 
failing  to  reject  H0  suggests  that  Plummer  and  Short’s  model  is  sufficient  and  there  is  no  need 
to  add  more  terms  to  the  model.  Notice  that  the  F  test  requires  that  the  responses  on  Y  scale 
are  normal  distributed.  One  should  check  the  normality  assumption,  e.g.,  applying  the  Q-Q  plot 
to  the  residuals  to  examine  whether  the  assumption  is  reasonable.  If  not,  proper  transformation 
should  be  sought. 

The  true  model  may  include  only  a  few  terms  in  the  GRS  model  (9),  (10).  To  avoid  over 
parametrization,  we  use  the  Akaike’s  information  criterion  (AIC)  (Venables  and  Ripley,  2002)  and  a 
backward  elimination  procedure  to  remove  the  unnecessary  terms  and  their  associated  parameters. 
Here.  AIC  —  -2  x  maximized  log-likelihood  +  2p,  which  can  be  written  as  AIC  =  n\og(RSS/n)  + 
2 p  +  C(n)  under  the  normality  assumption  for  the  response  Y.  For  a  data  set,  the  number  of 
observations,  n,  remains  constant,  so,  comparing  AIC  values  under  different  parametrization  is 
the  same  as  comparing  the  sum  of  the  first  two  terms,  which  is  referred  as  AIC  later.  To  remove 
the  unnecessary  terms,  we  first  fit  the  full  model,  calculate  AIC,  and  then  remove  the  parameter 
with  the  smallest  absolute  t-value  if  its  p-value  is  greater  than  the  level  of  significance  a,  say, 
a  =  0.10  (Hocking,  1976).  We  repeat  the  procedure,  refit  the  reduced  model,  calculate  the  AIC 
for  the  reduced  model,  and  check  the  t-values  until  either  all  the  remaining  parameters  have 
p- values  smaller  than  a  or  the- AIC  value  is  increasing. 

As  described  in  Section  3,  the  different  patterns  of  drug  interactions  could  be  detected  by 
observing  the  sign  and  magnitude  of  the  polynomial  function  f(d\,  d^'y,  k).  Since  these  parameters 
-f  and  k  in  the  polynomial  are  estimated,  their  asymptotic  properties  follow  the  standard  results 
from  a  nonlinear  regression.  For  each  combination  dose  {d\,  d?),  the  variance  of  the  estimated 
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polynomial  /(di,  d2;  7, «)  can  be  approximated  by  V ar f  =  (a^))  S  (sm)  I(7.«)=(7.a)>  where 
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dxp~[).  S  is  the  estimated  covariance  matrix  of  the  parameters  (71, 72,  «o,  «i,  «2i  «3)  «4,  «s)-  Thus, 
we  may  construct  a  (1  —  a)  x  100%  lower  and  upper  confidence  surfaces  for  /(di,  d2;  7,  k) 


fiu{dud2)  =  f{dx,d2)  =F  t«,n_p\JVarf(dud2) 


where  t„.n_p  is  the  upper  f  percentile  of  a  t-distribution  with  n  -  p  degrees  of  freedom.  The 
intercepts  of  the  lower  and  upper  confidence  surfaces  of  /(di,d2;7,ft)  with  the  dose  plane  form 
a  bound  which  embraces  the  curve  f(d\,  d2: 7,  k)  =  0.  The  combination  doses  beyond  the  bound 
with  positive  polynomial  values  are  synergistic.  Conversely,  the  combination  doses  beyond  the 
other  side  of  the  bound  with  negative  polynomial  values  are  antagonistic.  Inside  the  bound,  the 
drug  combinations  are  considered  additive  because  the  responses  are  not  significantly  different 
from  the  predicted  effect  based  on  the  additive  model.  When  the  final  model  is  a  subset  of  the  full 
model,  a  similar  approach  can  be  used  to  construct  the  confidence  bound  for  /(di,  d2,Pf,  k)  0  in 
the  final  model. 

In  the  medical  research  and  its  applications,  the  inferences  should  be  made  considering  both 
clinical  significance  and  statistical  significance.  Although  the  above  inferences  on  synergy  and 
antagonism  are  primarily  based  on  statistical  significance,  the  importance  of  clinical  significance, 
i.e.,  the  magnitude  of  drug  interaction  to  be  considered  clinically  meaningful,  should  also  be 
considered.  Chou  and  Hayball  (1996)  recommended  that  the  synergy,  antagonism,  and  additivity 
at  a  combination  dose  should  be  made  based  on  whether  interaction  index  at  this  combination  is 
less  than  0.9,  greater  than  1.1,  or  in  between.  Our  method  provides  a  more  rigorous  way  to  assess 
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statistical  significance  and  also  provides  a  venue  for  gauging  the  magnitude  of  clinical  significance. 


5.  Simulation  and  data  analysis 


5.1  Simulation 

We  performed  simulation  studies  to  examine  the  finite  sample  properties  of  the  estimates  of 
the  proposed  model.  We  took  two  sets  of  parameters,  as  shown  in  Figure  2,  Panel  D  (Set  1)  and 
Panel  E  (Set  2).  The  corresponding  response  surface  models  are: 

Set  1:  Y  —  log  ^  =  -  log  (di  +  d2  +  (0.5di  -  O.od2)(did2 +  e 

and 

Set  2:  Y  =  log  - - -  =  -  log  (d\  +  pd2  +  (0.9  -  0.3di  -  0.3pd2)(dipd2)^ 

1  —  h/  \ 

with  p  -  exp(0.1  -  0.3  log  D2),  where  e  ~  N(0,  a2).  For  each  model  we  generated  1000  random 
samples  with  a  =  0.1,  and  d\  and  d,2  taking  values  among  (0,  0.1,  0.5,  1,  2,  4).  The  sample  size 
in  each  simulation  run  was  6x6  =  36.  We  fitted  each  random  sample  to  the  full  model  and  then 
the  true  model  (i.e.,  only  fitting  the  non-zero  parameters),  and  obtained  the  estimated  parameters 
and  their  corresponding  standard  errors  (S.E.).  For  each  parameter,  we  constructed  the  95% 
confidence  interval  and  observed  whether  the  true  parameter  lies  in  the  confidence  interval.  We 
report  the  averages  of  the  estimated  parameters,  standard  errors,  and  the  coverage  rate  of  the 
confidence  intervals  for  the  1000  random  samples  in  Table  1.  We  conclude  that  (1)  the  parameters 
are  very  well  estimated;  (2)  the  coverage  rates  are  close  to  the  nominal  95%  coverage;  (3)  in 
the  full  model,  the  standard  errors  of  /30,  fii,  7i,  and  y2  are  close  to  half  of  a(=  0.1),  while  the 
standard  errors  of  nt  (i  —  0, . . . ,  5)  are  two  to  eight  folds  of  a.  In  the  true  model,  the  standard 
errors  for  ,/3’s,  y’s,  and  re's  are  all  with  similar  magnitude,  ranging  from  0.020  to  0.063  with  an 
exception  of  k0  in  Set  2  (S.E. =0.138).  These  facts  reflect  that  including  unnecessary  parameters 
increases  the  uncertainty  of  estimating  all  parameters,  especially  those  in  the  quadratic  function  /. 
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Therefore,  it  is  important  to  develop  an  appropriate  procedure  to  remove  unnecessary  parameters. 

A  parsimonious  model  can  increase  the  accuracy  of  the  estimated  parameters,  hence,  provides  a 
better  estimator  for  the  dose-response  relationship. 

We  also  performed  simulated  case  studies  to  examine  whether  the  estimation  and  the  backward 
elimination  procedure  described  in  Section  4  can  recover  the  true  dose  response  function,  i.e. ,  all 
the  zero  parameters  are  removed,  the  95%  confidence  bounds  for  f  =  0  have  proper  coverage 
rates,  and  the  contours  of  the  fitted  response  surfaces  are  similar  to  the  underlying  response 
surface.  These  simulations  showed  that  the  estimation  and  the  backward  elimination  procedure 
work  well  (data  not  shown). 

5.2  Data  analysis 

We  analyzed  data  sets  from  cell  lines  in  a  study  conducted  by  Dr.  Reuben  Lotan  and  his  col¬ 
leagues  at  M.  D.  Anderson  Cancer  Center.  The  study  aimed  to  evaluate  the  efficacy  of  combination 
therapv  with  two  novel  agents,  SCH66336  and  4-HPR,  in  a  number  of  squamous  cell  carcinoma 
cell  lines  (unpublished  data).  Cell  lines  of  human  squamous  cell  carcinoma  were  treated  with 
SCH66336  and  4-HPR  separately  and  in  combination.  After  6  hours,  the  proportions  of  surviv¬ 
ing  cells  were  calculated.  To  illustrate,  we  present  the  result  for  the  cell  line  UMSCC22B,  after 
treating  with  SCH66336  at  doses  ranging  from  0  to  4  pM  and  4-HPR  at  doses  ranging  from  0  to  2 
jjM.  respectively.  The  corresponding  percentages  of  cells  surviving  at  each  combination  dose  are 
shown  in  Table  2. 

Lee  et  al.  (2005)  analyzed  the  data  set  in  detail  using  different  methods.  Based  on  Chou 
and  Talalay’s  model,  the  combination  dose  (0.1,  0.1)  is  additive,  and  the  combination  doses  (0.5, 
0.5),  (1,  1)  and  (2,  2)  are  synergistic.  The  contour  plot  of  the  raw  data  is  shown  in  Figure  3, 
Panel  A.  Based  on  Plummer  and  Short’s  model,  the  combinations  are  synergistic  {k  =  2.146  with 
S.E.=  1.102).  The  contour  plot,  interaction  indices,  and  residual  plot  of  the  fitted  response  surface 
of  Plummer  and  Short’s  model  are  shown  in  Figure  3,  Panel  Bl,  B2,  and  B3,  respectively.  The 
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contour  plot  in  Panel  B1  differs  from  the  raw  data  contour  plot  in  Panel  A.  We  fitted  the  data 
to  our  proposed  full  model,  and  found  that  the  contour  plot  of  the  fitted  response  surface  (Panel 
C  L)  is  more  similar  to  the  raw  data  contour  plot.  The  contour  plot  of  the  polynomial  function 
f{d\,d2-, 7,k)  is  shown  in  Panel  C2,  where  the  dotted  curve  is  the  upper  boundary  of  the  95% 
confidence  bound  for  f{dud2]  7,k)  =  0,  and  the  lower  boundary  is  below  the  illustrated  region. 
The  combination  doses  above  the  dotted  line  are  synergistic.  Panel  C3  shows  the  contour  plot 
of  the  interaction  indices,  and  Panel  C4  shows  the  residual  plot  of  the  full  model.  We  used  the 
aforementioned  backward  elimination  procedure  to  remove  72,  Kg,  ^4,  and  ,d0  sequentially,  and  the 
corresponding  AIC  values  were  -106.28,  -107.25,  -108.23,  and  -108.59,  respectively.  The  backward 
elimination  procedure  stopped  when  all  the  remaining  parameters  had  p-values  smaller  than  the 
significance  level  a{=  0.10).  The  results  of  the  final  model  are  shown  in  Panels  D1-D4.  Panel  D2 
shows  that  the  combination  doses  above  the  confidence  bound  are  synergistic,  inside  the  bound 
are  additive,  and  below  the  bound  are  antagonistic.  The  residual  plots  show  that  the  full  model 
(  Panel  C4)  and  the  final  model  (Panel  D4)  provide  better  fit  for  the  data  than  the  Plummer  and 
Short’s  model  (Panel  B3).  The  results  from  the  final  model  are  consistent  with  the  results  achieved 

by  Lee  at  al.  (2005). 

In  this  example,  RSSP~s  =  1-238,  RSSfull  =  0.390,  and  n  =  29  (the  model  automatically 
assumed  cell  survival  1  at  the  combination  dose  di  =  d2  =  0  and  this  observation  did  not  partic¬ 
ipate  in  the  calculation).  The  Q-Q  plots  (not  shown)  indicated  that  the  normality  holds  for  the 
responses  on  Y  scale,  therefore,  the  F-test  can  be  carried  out.  The  F-statistics  was  8.250  with 
degrees  of  freedom  (5,  19),  corresponding  to  p  <  0.003.  Hence,  we  rejected  H0  at  a  =  0.05.  The 
estimated  parameters  and  their  standard  errors  for  Plummer  and  Short’s  model,  the  full  model, 
and  the  final  model  are  listed  in  Table  3.  The  residual  standard  error  (RSE),  which  is  an  estimate 
of  a,  is  shown  in  the  last  column  in  Table  3  for  each  model.  Figure  3  and  Table  3  indicate  that 
the  final  model  fits  the  data  as  well  as  the  full  model,  and  the  precisions  on  parameter  estimation 
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in  the  final  model  were  improved  over  the  full  model.  We  conclude  that  the  proposed  model  and 
procedure  work  well  for  this  data  set. 

6.  Discussion  and  further  extension 

One  important  contribution  of  this  paper  is  that  the  proposed  model  can  incorporate  varying 
relative  potency.  Although  varying  relative  potency  has  been  investigated  by  Tallarida  (2000),  and 
Grabovsky  and  Tallarida  (2004),  their  interpretations  resulted  in  inconsistent  predicted  additive 
effects  for  combination  doses  (Jonker  et  al.  2005).  In  Appendix  A,  we  expound  a  method  to 
correctly  incorporate  varying  relative  potency  to  predict  the  additive  effect  based  on  the  Loewe 
additivity  model.  Using  the  proposed  varying  relative  potency  formulation,  one  can  extend  the 
additive  response  surface  for  k  (k  >  2)  drug  combinations  as  follows: 

Y  —  00  +  Pi  l°g  (^1  +  P20‘2  +  '  '  ‘  Pkdk)  >  (^) 

where  p?:  =  exp(7i0  -  In  log  D0){i  =  2,  •  •  •  ,  k)  is  the  relative  potency  of  drug  i  versus  drug  1,  and 
Di  is  the  amount  of  drug  1  having  an  equivalent  effect  to  that  of  the  combination  (di,  ■  •  •  ,dfc) 
under  the  additive  assumption.  D\  can  be  obtained  by  solving  the  following  equation 

d\  +  p2^2  +  ’  ’  '  +  Pkdk  =  D\. 

Here  ~'i0  and  7^  are  uniquely  determined  by  the  two  dose-effect  curves  for  drug  1  and  drug  i 
(i  =  2, ....  k).  The  additive  response  surface  model  constructed  this  way  is  consistent  with  the 
Loewe  additivity  model. 

As  shown  in  Section  2,  the  proposed  model  was  derived  to  capture  a  variety  of  drug  interaction 
patterns  when  synergy,  additivity,  and  antagonism  are  interspersed  in  different  regions.  Under 
the  framework  of  a  nonlinear  regression,  our  proposed  model  also  can  automatically  take  care  of 
replications,  no  matter  whether  the  numbers  of  replications  in  each  combination  dose  are  the  same 
or  not  .  Using  our  proposed  model,  we  analyzed  10  data  sets  to  assess  the  interactions  between 
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the  combination  therapy  SCH66336  and  4-HPR  in  different  cell  lines.  By  comparing  the  contour 
plot  of  the  fitted  response  surface  with  the  contour  plot  of  the  raw  data,  residual  plots,  and  the 
results  achieved  by  using  Chou  and  Talalay’s  method,  we  conclude  that  our  proposed  model  can 
be  successfully  applied  to  fit  data  and  capture  different  patterns  of  drug  interaction. 

In  this  paper,  we  assume  that  the  effect  or  transformed  effect  has  a  linear  relationship  with 
the  log  d.  Although  a  broad  class  of  dose-effect  models  satisfy  this  assumption,  there  are  still 
some  exceptions.  One  important  exception  is  that  the  logit  transform  of  the  effect  has  a  linear 
relationship  with  the  dose,  say  log  yrg  =  «ot  an d.  In  that  case,  the  relative  potency  for  the 
two  drugs  is  constant,  and  the  additive  response  for  the  two  drugs  can  be  predicted  by  log  — 
o o  +  Oi\d\  —  oli&i  (Carter,  Gennings,  Staniswalis,  Cambell,  and  White,  1988).  One  can  still  use 
a  quadratic  function  of  d\  and  d2  to  detect  different  patterns  of  drug  interactions  by  adding  the 
product  of  the  quadratic  function  and  (did2)2  to  the  above  model. 

Suhnel  (1990)  used  bivariate  splines  to  fit  dose  response  data.  The  determination  of  drug 
interaction  was  based  on  the  visualization  of  whether  the  contours  of  the  response  surface  (i.e., 
isoboles)  were  concave  up  or  concave  down.  The  approach  did  not  give  any  summary  measure  on 
drug  interaction.  Kelly  and  Rice  (1990)  used  a  monotone  spline-based  procedure  to  fit  marginal 
dose-response  curves  first,  then  predicted  the  additive  effect  of  the  combination  dose  based  on  the 
Loewe  additivity  model.  Extrapolation  beyond  the  observed  dose  range  is  dangerous  in  this  spline- 
based  approach  and,  therefore,  this  approach  has  limited  usage.  Tan,  Fang,  Tian,  and  Houghton 
(2003)  proposed  an  optimal  experimental  design  in  the  sense  that  it  reduces  the  variability  in 
modeling  synergy  while  allocating  the  doses  to  minimize  the  sample  size  and  to  extract  maximum 
information  on  the  joint  action  of  the  compounds.  The  method  uses  a  nonparametric  function  to 
detect  drug  interactions.  Semiparametric  approaches,  as  the  format  (9)  or  the  format  given  by 
Tan  et  al.  (2003),  which  combine  parametric  marginal  dose-response  curves  with  a  nonparametric 
function  to  detect  different  patterns  of  drug  interaction,  provide  logical  extension  to  the  current 


16 


model  and  are  appropriate  topics  for  future  research. 
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Appendix  A:  Varying  relative  potency  and  its  application 

Figure  1,  Panel  A  shows  that  for  each  fixed  effect  y,  as  long  as  the  dose-effect  curves  for 
each  drug  are  known,  DyA  and  Dyfi  will  be  known  and  fixed,  thus  the  relative  potency  defined 
by  FVi  is  fixed.  Any  combination  dose  (di,d2)  on  the  line  PQ  connecting  P(=  (A/,i,0))  and 
Q(—  (0,  Dyp))  has  the  same  relative  potency,  and  d2  units  of  drug  2  is  equivalent  to  p{y)d2  units 
of  drug  1.  Therefore  the  combination  dose  {d1,d2)  is  equivalent  to  d1  +  p{y)d2  units  of  drug  1, 
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which  is  exactly  DyA,  and  the  predicted  effect  is  F\{di  +  p{y)d2),  which  is  F1{Dy^).  Similarly,  for 
any  combination  dose  {dud2)  on  the  line  PQ,  d1  units  of  drug  1  is  equivalent  to  p(y)~1d1  units  of 
drug  2,  thus  the  combination  dose  (d1,d2)  is  equivalent  to  p(y)-1di  +  d2  units  of  drug  2,  which  is 
Dyo.  Consequently,  the  predicted  effect  is  F2(p~1(y)dx  +  d2),  i.e.,  F2(Dy>2)-  Hence,  the  predicted 
effect  either  by  Fx(dx  +  p{y)d2)  or  by  F2(p(y)~ldx  +  d2)  are  the  same. 

We  then  pay  special  attention  to  the  fact  that,  for  a  given  dose  d2  of  drug  2,  its  equivalent 
amount  of  drug  1  may  be  different  depending  on  the  existing  amount  of  drug  1  due  to  a  varying 
relative  potency.  For  example,  suppose  from  the  two  marginal  dose-effect  curves  we  learn  that 
the  effects  of  drug  1  at  doses  Dv>1,  dx  and  Dy„>x  are  the  same  as  the  effects  of  drug  2  at  doses 
Dy  2)  Dv'o  and  d2,  respectively.  When  two  drugs  are  used,  the  three  corresponding  additive 
isoboles  (Figure  1  Panel  B)  are  PQ  connecting  P  =  (A/, i,0)  and  Q  =  (0 ,DVi2),  RS  connecting 
R  =  id\,  0)  and  S  =  (0 ,Dy>,2),  and  TU  connecting  T  =  (Ay», i,  0)  and  U  =  (0 ,d2).  All  the 
combinations  on  ~PQ  share  the  relative  potency  p{y),  all  the  combinations  on  RS  share  the  relative 
potency  p(y'),  and  all  the  combinations  on  TU  share  the  relative  potency  p{y").  Thus,  in  terms 
of  drug  1  the  equivalent  dose  of  d2  in  the  combinations  (dx,d2),  (d'x,d2),  and  (0,  d2)  will  be  p{y)d2, 
p(y')d2,  and  p(y")d2,  which  can  be  illustrated  by  the  length  of  RP ,  VR,  and  OT,  respectively. 
Here  y  =  Fx(Dy.L)  =  F2(Dy,2),  y'  =  F1(d1),  and  y"  =  F2(d2).  Grabovsk  and  Tallanda  (2004) 
proposed  a  model  to  incorporate  the  varying  relative  potency,  but  they  interpret  the  relative 
potency  as  p{y")  at  all  three  combinations,  namely,  {di,d2),  (d[,d2),  and  (0 ,d2).  Consequently, 
the  equivalent  amount  of  drug  1  will  be  the  dose  of  drug  1  plus  p(y")d2  no  matter  the  dose  of 
drug  1.  Their  interpretation  may  result  in  two  inconsistent  additive  effects,  say  Fx(di  +  p{y  )d2) 
and  F2{p{yTldi  +  d2)  (Jonker  et  al.  2005),  and  curved  additive  isoboles  (Grabovsk  and  Tallarida 
2004V  Therefore,  their  approach  is  questionable.  On  the  other  hand,  when  combinations  of  two 
drugs  are  additive  with  varying  relative  potency,  our  formulation  shows  straight  line  isoboles, 
which  are  consistent  with  the  Loewe  additivity  model. 
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Table  1:  Simulation  results  from  fitt  ing  the  lull  model  and  the  true  model  wit 
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0  -0.013  0.236  0.953  0  -0.017  0.312  0.950 

Note:  Est.:  parameter  estimate,  S.E.:  standard  error,  C.R.:  coverage  rate. 


Table  2  Percentages  of  cell  surviving  (UMSCC22B)  treated  by  single  and  combination  doses  of 


SGH66336  and  4-HPR 


SCH66336 

4-HPR  Dose  (/iM) 

Dose  (/iM) 

0 

0.1 

0.5 

1 

2 

0 

1 

0.7666 

0.5833 

0.5706 

0.4934 

0.1 

0.6701 

0.6539 

0.4767 

0.5171 

0.3923 

0.5 

0.6289 

0.6005 

0.4919 

0.4625 

0.3402 

1 

0.5577 

0.5102 

0.4541 

0.3551 

0.2851 

2 

0.455 

0.4203 

0.3441 

0.3082 

0.2341 

4 

0.3755 

0.3196 

0.2978 

0.2502 

0.1578 

Table  3:  The  estimated  parameters  and  their  standard  errors  of  different  models  for  the  data  set 
shown  in  Table  2 


Po 

Pi 

7i 

72 

«o 

« 1 

«2 

K3 

«4 

«5 

RSE 

P-S 

Est. 

0.099 

-0.473 

-0.083 

0.120 

2.146 

0.227 

model 

S.E. 

0.093 

0.062 

0.292 

0.259 

1.102 

Full 

Est. 

0.088 

-0.354 

-0.339 

0.148 

5.735 

-14.104 

-5.539 

7.114 

5.283 

7.021 

0.143 

model 

S.E. 

0.064 

0.046 

0.289 

0.242 

3.510 

6.668 

8.230 

3.743 

6.593 

5.446 

Final 

Est. 

-0.386 

-0.558 

3.702 

-12.653 

5.339 

9.202 

0.140 

model 

S.E. 

0.034 

0.203 

1.798 

4.994 

2.550 

3.990 

Note:  P-S  model:  the  Plummer  and  Short’s  model,  Est.:  parameter  estimate,  S.E.: 
standard  error,  RSE:  the  residual  standard  error. 
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Figure  1.  Relative  potency  and  equivalent  doses.  PQ  is  an  additive  isobole, 
P={Dy.u  0),  Q=(0,DVt2).  The  relative  potency  of  drug  2  versus  drug  1  p(y )  = 
Under  additive  assumption  the  effect  at  (d\,d2)  is  the  same  as  the  effect 
of  drug  1  alone  at  dx  +  p{y)d2,  and  also  the  same  as  the  effect  of  drug  2 
alone  at  p{yYldl  +  d2  (Panel  A).  Panel  B  shows  that  given  drug  2  at  dose 
d2,  its  equivalent  drug  1  dose  may  change  when  different  amounts  of  drug  1 
are  added.  Here  y  =  Fi(DVti )  =  F2(DyY,  y'  —  Pi(d\),  and  y  =  F2(d2).  The 
equivalent  amount  of  drug  1  doses  of  d2  at  combination  doses  (di,d2),  (di,d2) 
and  (0,d2)  are  p{y)d2  (=  lengthfRP )),  p{y')d2  (=  length(VR ))  and  p{y")d2 
(=  length(OT)),  respectively. 
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A1.  Isoboles 


A2.  Polynomial 


A3.  Interaction  Index 


A:  Additivity 


B:  Synergy 


C:  Anta¬ 
gonism 


D:  Mixture 
with  constant 
rel.  potency 


E:  Mixture 
with  varying 
rel.  potency 


constant 
value  of  -0.5 


°  ’  vug  i  3 

D2.  Polynomial 


D3.  Interaction  Index 


Figure  2.  Contour  plots  of  the  response  surfaces  (i.e.,  isoboles),  contour  plots 
of  the  polynomial  function  f(d\,  d3\  7>  K)>  an<^  contour  plots  of  the  interaction 
indices  under  different  parameters.  For  all  panels,  fio  =  0,  /3i  =  1-  For 

Panels  A,  B,  and  C,  k0  =  0,1,  and  -0.5,  respectively,  while  7i  =  72  =  0, 
Ki  —  o  for  i  =  1, ...  ,5.  Parameters  in  Panel  D  are  the  same  as  in  Panel 
A  except  k3  =  0.5  and  k4  =  -0.5.  In  panel  E  we  set  71  =  0.1,  72  =  -0.4, 
k.0  =  0.9,  k3  =  k4  =  -0-3,  and  «i  =  k2  =  k5  =  0. 


24 


A.  Raw  data 


B1 .  Isoboles  (P-S)  B2.  Inter.  Index 


B3.  Residuals 


0  12  3  4 

schd 

C4.  Residuals 


0  12  3  4 

schd 

D4.  Residuals 


f  J 

1 

■ 

.  •  » 

"i . 

0  12  3  4 

schd 


Figure  3.  Results  for  cell  line  UMSCC22B:  Panel  A  is  the  contour  plot  of  the 
raw  data;  Panels  B1-B3  show  the  results  from  Plummer  and  Short’s  model; 
Panels  Cl-Cf  show  the  results  from  the  proposed  full  model;  Panels  D1-D4 
show  the  results  from  the  final  model.  The  dotted  line  in  Panel  C2  is  the  upper 
boundary  of  the  95%  confidence  bound  for  f(d\,d2]'y,  i%)  =  0;  and  the  lower 
boundary  is  out  of  the  dose  range.  The  two  dotted  lines  in  Panel  D2  are  the 
two  boundaries  of  a  95%  confidence  bound  for  /(dx,^2;7)  K)  =  0- 
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Abstract 


When  multiple  drugs  are  administered  simultaneously,  investigators  are  often  interested  in  assessing  whether  the 
drug  combinations  are  synergistic,  additive,  or  antagonistic.  Existing  response  surface  models  are  not  adequate  to 
capture  the  mosaic  patterns  of  drug  interactions.  We  propose  a  two-component  semi-parametric  response  surface 
model  with  a  parametric  function  to  describe  the  additive  effect  of  a  combination  dose  and  a  nonparametric  function 
to  capture  the  departure  from  the  additive  effect.  The  nonparametric  function  is  estimated  using  the  technique 
developed  in  thin  plate  splines.  The  proposed  semiparametric  model  offers  an  effective  way  of  formulating  additive 
effect  wnile  allowing  the  flexibility  of  modeling  the  departure  from  the  additivity.  Examples  and  simulations  are 
given  to  illustrate  the  proposed  model  provides  an  excellent  estimation  for  different  patterns  of  drug  interactions 
of  two  drugs. 


1.  Motivation 


Studies  of  interactions  among  biologically  active  agents,  such  as  drugs,  carcinogens,  or  environmental  pollutants, 
have  become  increasingly  important  in  many  branches  of  biomedical  research  (Suhnel,  1998).  For  example,  in 
cancer  chemotherapy  the  therapeutic  effect  of  many  anticancer  drugs  is  limited  when  they  are  used  as  a  single 
drug  (Kanzawa,  Nishio,  Fukuoka,  Sunami,  and  Saijo,  1999).  Combination  therapies  with  increasing  treatment 


efficacy  and  reducing  toxicity  is  an  active  and  promising  research  area.  An  effective  and  accurate  evaluation  of 
drug  interactions  for  in  vitro  and/or  in  vivo  studies  can  help  to  determine  whether  a  combination  therapy  should 
be  further  investigated  in  a  clinical  trial. 

The  literature  supports  the  notion  that  the  Loewe  additivity  model  can  be  considered  as  the  “gold  standard”  to 
define  drug  interactions  (Berenbaum,  1989;  Greco,  Bravo,  and  Parsons,  1995;  Lee,  Kong,  and  Ayers,  2005).  Based 
on  the  Loewe  additivity  model,  approaches  for  assessing  drug  interactions  can  be  categorized  as  one  of  three  general 
methods:  (1)  the  model  free  test  method  (MFT),  (2)  the  marginal  dose-response  curve  model  method  (MDRCM), 
or  (8)  the  response  surface  method  (RSM).  The  MFT  method  (Laska,  Meisner,  and  Seigel,  1994)  tests  whether 
the  combination  is  synergistic  based  on  a  sufficient  condition  for  synergy  at  a  combination  dose  (di,  d2),  that  is, 
that  the  effect  at  (d\,d2)  is  greater  than  the  effect  of  drug  1  at  dose  d\  +  pd2  and  the  effect  of  drug  2  at  dose 
(>~ldi  4  rf2,  where  p  is  the  relative  potency  of  drug  2  versus  drug  1.  The  MDRCM  (Kelly  and  Rice,  1990)  fits  a 
dose-response  curve  for  each  single  drug,  uses  the  fitted  dose-response  curves  to  calculate  the  expected  additive 
response  to  a  particular  combination,  and  then  compares  the  expected  additive  response  to  the  observed  response. 
The  MF  T  and  the  MDRCM  methods  can  only  assess  drug  interactions  at  observed  combinations,  and  do  not  give 
a.  complete  picture  of  drug  interactions  over  all  possible  combination  doses.  Although  both  methods  are  able  to 
determine  whether  synergy  or  antagonism  exists,  they  have  limited  usage  in  quantify  the  degree  of  drug  interaction 
away  from  additivity.  The  RSM,  which  involves  an  estimation  of  the  n  4-  1  dimensional  response  surface  in  n  drug 
combinations,  can  take  all  of  the  information  present  in  the  full  dose-effect  data  set  for  n  drugs  to  determine  the 
dose-effect  relationship  at  all  levels  of  drug  combinations.  In  addition,  the  RSM  can  be  used  to  quantify  the  amount 
of  drug  interactions  and  to  determine  the  optimal  combination  therapy.  Many  examples  of  the  RSM,  such  as  those 
of  Finney  (1971),  Carter,  Gennings,  Staniswalis,  Cambell,  and  White  (1988),  Greco,  Park,  and  Rustum  (1990), 
and  Plummer  and  Short  (1990),  have  used  a  single  parameter  to  capture  synergy,  additivity,  or  antagonism.  These 
approaches  are  valid  if  only  either  synergy,  additivity,  or  antagonism  exists  throughout  the  whole  surface.  These 
methods  are  inadequate  to  describe  the  presence  of  pockets  of  local  synergy  or  local  antagonism  when  different 
modes  of  drug  interactions  are  interspersed  in  different  regions  of  the  drug  combinations.  Minto,  Schnider,  Short, 
Gregg,  Gentilini,  and  Shafer  (2000)  and  White,  Faessel,  Slocum,  Khinkis,  and  Greco  (2004)  have  proposed  nonlinear 
mixture  response  surface  approaches  based  on  the  assumption  that  the  combination  doses  at  each  fixed  ratio  follow 
the  median-effect  model  (Chou  and  Talalay,  1984),  and  the  parameters  in  the  median  effect  model  are  assumed  to  be 
polynomials  of  the  ratio.  The  resulting  models  capture  synergy,  additivity,  or  antagonism  exclusively  based  on  the 
50%  maximal  effect  isobole.  But  combination  doses  of  two  drugs  at  a  fixed  ratio  do  not  necessarily  yield  the  same 
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mode  of  drug  interactions  as  that  at  the  50%  maximal  effect.  For  example,  our  research  group  (Lee  et  al.  2005) 
noticed  that  the  combinations  of  SCH66336  and  4-HPR  are  synergistic  for  moderate  to  higher  combination  doses 
and  additive  for  lower  combination  dose  when  the  cell  line  UMSCC22B  was  treated  with  SCH66336  and  4-HPR. 
Kanzawa  et  al.  (1999)  found  that  the  combinations  of  CDDP  and  KRN5500  at  concentrations  in  the  ranges  0.025 
io  0.25/jg/ml  and  0.005  to  0.25/rg/ml  are  synergistic  and  otherwise  additive.  To  address  this  issue,  we  recently 
developed  a  response  surface  model  with  a  quadratic  function  of  combination  doses  to  capture  synergy,  additivity, 
and  antagonism  (Kong  and  Lee,  2005).  Similar  to  many  other  settings,  these  parametric  models  are  efficient  when 
’.he  model  assumptions  hold  but  not  necessarily  robust  when  the  assumptions  fail.  Therefore,  in  this  paper,  our 
goal  is  to  develop  a  semiparametric  model  combining  a  parametric  and  a  nonparametric  function  to  capture  mosaic 
patterns  of  drug  interactions  if  they  do  exist. 

Although  there  is  a  long  history  using  a  nonparametric  response  surface  model  to  describe  the  drug  effect,  a 
rigorous  statistical  consideration  on  these  models  has  not  yet  been  fully  developed.  Suhnel  (1990)  used  bivariate 
splines  to  fit  dose  response  data.  The  determination  of  drug  interactions  was  based  on  the  visualization  of  whether 
the  contours  of  the  response  surface  (i.e.  isoboles)  were  concave  up  or  concave  down.  The  approach  did  not  give 
any  summary  measure  on  drug  interactions  and  did  not  include  any  statistical  treatment.  Prichard  and  Shipman 
( 1990)  proposed  using  the  differences  of  the  theoretical  additive  surface  and  the  experimental  data  surface  to  reveal 
regions  of  synergy  and  antagonism.  However,  the  theoretical  additive  surface  was  not  constructed  accurately,  and 
the  assessment  of  drug  interaction  was  not  derived  from  statistical  point  of  view.  Kelly  and  Rice  (1990)  used 
a  monotone  spline-based  procedure  to  fit  marginal  dose-response  curves  first,  then  predicted  the  additive  effect 
of  a  combination  dose  based  on  the  Loewe  additivity  model.  Extrapolation  beyond  the  observed  dose  range  is 
dangerous,  hence,  it  is  unclear  how  to  estimate  the  drug  interactions  for  the  combination  doses  with  effect  greater 
than  the  maximal  effect  of  each  of  the  two  single  drugs. 

To  overcome  the  above  limitations  for  the  parametric  and  nonparametric  models,  we  propose  a  semiparametric 
approach.  We  use  parametric  model  to  describe  the  marginal  dose-effect  curve  for  each  drug  used  as  a  single  agent, 
and  then,  predict  the  theoretical  additive  surface  based  on  the  fitted  marginal  dose-effect  curves  and  the  Loewe 
additivity  model.  Subsequently,  we  use  a  nonparametric  function  to  describe  the  effect  beyond  the  additive  model. 
The  nonparametric  function  is  represented  by  thin  plate  splines  (Green  and  Silverman,  1994)  and  estimated  by  the 
techniques  developed  in  mixed  effect  model  (Ruppert,  Wand,  and  Carroll,  2003).  The  confidence  surfaces  for  the 
nonparametric  function  are  constructed  so  that  the  local  synergy  or  local  antagonism  can  be  estimated  from  the 
statistical  point  of  view.  This  approach  can  be  used  to  analyze  data  from  factorial  design,  ray  design  (Chou  and 
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Talalav,  1984),  and  uniform  design  (Tan,  Fang,  Tian,  and  Houghton,  2003).  In  addition,  this  approach  combines 
•he  idea  used  in  MDRCM  and  has  all  the  advantages  of  RSM.  We  will  describe  our  model  and  its  estimation  m 
Sections  2  and  3,  and  give  case  studies  in  Section  4  and  simulations  in  Section  5.  The  last  section  is  devoted  to 

discussion. 


2.  The  proposed  model 


Recall  the  Loewe  additivity  model  (Loewe  and  Muischnek,  1926;  Berenbaum,  1989;  Greco  et  al,  1995;  Lee  et 


a I...  2005) 


di 

Dy,  1 


d2 

Dy,2 


(1) 


where  cJ: ,  d2  are  doses  of  drug  1  and  drug  2  in  the  mixture,  y  is  the  theoretic  additive  effect  at  {d1,d2),  and  Dy% i 
and  Dy  ■>  are  the  respective  single-agent  doses  of  drugl  and  drug  2  that  elicit  the  effect  y.  The  theoretic  additive 
effect  y  at  (di,d2)  can  be  predicted  as  long  as  the  dose-response  curves  for  each  of  the  two  drugs  are  known.  Denote 
the  dose-effect  curves  for  drug  1  and  drug  2  used  alone  as  Fi{Di)  and  F2(D2),  respectively.  Then,  the  predicted 
additive  effect,  say  y,  can  be  obtained  by  solving  equation  (1)  after  replacing  £>y,i  by  F1  l(y)  and  Dy>2  by  F2  1(y), 
where  F~l  is  the  inverse  function  of  Iq  (i  =  1,2).  If  the  effect  measured  at  (di,d2)  is  more  than  or  less  than  the 
predicted  effect,  then  the  combination  dose  {dud2)  corresponds  to  synergy  or  antagonism. 


Note  that  the  above  additive  equation  (1)  can  be  rewritten  as 


d\  +  =  A/,i-  ^ 

Dy,2 

Denote  as  p(y),  which  is  the  relative  potency  of  drug  2  versus  drug  1,  meaning  that  1  unit  of  drug  2  has 
the  same  effect  as  p(y)  units  of  drug  1.  Under  the  additive  model,  the  combination  dose  {dud2)  elicits  the  same 
effect  as  drug  1  alone  at  dose  Dy<1  (i.e.,  dx  +  p{y)d2),  and  drug  2  alone  at  dose  Dy,2  (he.,  p{y)~ldi  +  d2).  Thus, 
(ho  predicted  additive  effect  for  the  combination  dose  (di,d2)  is  Fi(di  +  p(y)d2).  The  relative  potency  p{y)  is 
determined  by  the  two  marginal  dose-response  curves,  and  equals  The  additive  y-isobole  is  the  straight  line 

connecting  {Dy>1, 0)  and  (0 ,Dy,2)  on  the  dose  plane.  Any  combination  {dud2)  on  the  additive  y-isobole  shares  the 
same  relative  potency  (Kong  and  Lee,  2005).  Any  combination  (d1,d2)  lies  on  only  one  of  the  additive  isoboles,  so 
the  associated  relative  potency  is  unique  and  dj  +  p(y)d2  can  be  simplified  as  di  +  pd2,  where  p  is  the  associated 
relative  potency  to  the  combination  dose  (di,d2).  Thus,  the  predicted  effect  can  be  written  as  Fi(di  +  pd2).  The 
relative  potency  may  be  varying  since  the  additive  isoboles,  the  straight  lines  connecting  equal  effective  doses  of 
drug  1  and  drug  2,  are  not  always  parallel. 
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In  this  report,  with  considering  the  varying  relative  potency,  we  propose  a  two-component  model  to  describe 
the  effect  of  combination  treatment: 

Y  =  F{du  d2)  +  f(dud2)  =  Fi(di  +  pd2)  +  /(dp  d2).  (3) 

Here  Ffdpdo),  or  ^i{d\  +  d2p )  is  the  predicted  additive  effect  at  (dpd2),  which  is  determined  by  the  marginal 
dose-response  curves  and  the  combination  dose  (dpd2)  under  the  additive  assumption.  /(dpd2)  is  a  function 
and  to  be  estimated  nonparametrically  to  capture  local  synergy  and  local  antagonism,  i.e.,  drug  effect  beyond 
t]ie  additive  effect.  To  see  this  point,  suppose  the  marginal  dose-effect  curves  are  decreasing,  then  /(dpd2)  <  0 
implies  that  the  effect  at  (dpd2)  is  more  than  the  predicted  effect  F1(di+d2p),  thus  the  combination  dose  {d1,d2) 
is  synergistic;  /(dpd2)  >  0  implies  that  the  effect  at  {di,d2)  is  less  than  the  predicted,  thus  the  combination 
dose  (dp  d2)  is  antagonistic.  In  the  case  that  the  marginal  dose-effect  curves  are  increasing,  f{di,d2)  >  0  implies 
that  the  combination  dose  (dpd2)  is  synergistic  while  f(d1,d2)  <  0  implies  that  the  combination  dose  (dud2)  is 
antagonistic. 

Note  that  a  model  similar  to  (3)  was  proposed  by  Tan  et  al.  (2003)  under  the  frame  work  of  uniform  design. 
However,  in  their  work,  a  constant  relative  potency  is  assumed,  and  the  function  f{di,d2)  is  estimated  only  at  the 
observed  combination  doses.  In  model  (3),  the  relative  potency  may  be  constant  or  varying,  which  is  determined 
by  the  marginal  dose-effect  curves  based  on  the  data.  The  function  /(dpd2)  is  estimated  over  the  region  of  all 
combination  doses.  Details  will  be  given  in  the  following  section. 

3.  Estimation  for  the  proposed  model 

From  now  on  we  assume  that  the  observed  data  are  (dp,  d2i,  Ez)  for  i  =  1, . . . ,  n.  Here  (dp,  d2i)  (i  =  1, . . . ,  n) 
is  the  observed  combination  dose,  and  Et  (i  =  1, . . .  ,n)  is  the  corresponding  observed  effect.  The  data  should 
contain  enough  observations  for  each  drug  used  alone  so  that  the  marginal  dose-effect  curves,  and  subsequently, 
predicted  additive  effects,  can  be  estimated  with  small  error.  The  choices  of  the  dose-effect  curves  may  be  based 
on  the  biology  driven  mechanistic  models,  such  as  the  median  effect  model  by  Chou  and  Talalay  (1984),  and  with 
reasonable  good  diagnostics  of  the  goodness  of  the  fit.  As  long  as  we  obtain  an  appropriate  dose-effect  curve  for 
each  drug,  the  theoretic  additive  effects  based  on  the  Loewe  additivity  model  can  be  constructed  irrespective  to  the 
function  form  of  the  dose-effect  curves.  In  the  literature,  two  commonly  used  classes  of  marginal  dose-effect  curves 
are  reported.  We  will  illustrate  how  to  estimate  the  additive  effect  Fi(di  +  pd2)  under  each  class  in  Subsection 
3.1.  Then,  we  can  obtain  the  difference  of  the  observed  effect  and  the  predicted  additive  effect  at  each  observed 
combination  dose  (dp,  d2i)  (i  =  1, . . . ,  n).  Based  on  this  information,  we,  then  can  estimate  the  function  / (dp  d2) 
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Vising  the  technique  described  in  Subsection  3.2. 


3. 1  Estimation  of  the  marginal  dose-effect  curves  and  the  theoretic  additive  effects 

One  class  for  commonly  used  dose-effect  curves  is  that  the  effect  or  transformed  effect  has  a  linear  relationship 
with  dose  or  concentration.  For  example,  a  logistic  model  (Carter  et  al.,  1988)  for  the  dose-effect  curve  has  the 
form: 

Y  =  log  =  Po  +  faDv>1  for  drug  1,  (4) 

1  —  hi 


and 


Y  =  log 


E 


1  -E 


=  30  +  /?2A/,2  for  drug  2. 


(5) 


Here  the  intercepts  are  assumed  to  be  the  same  since  the  baseline  effects  for  the  two  drugs  should  be  the  same.  Since 
the  transformations  from  E  to  Y  in  both  equations  (4)  and  (5)  are  monotonic  and  unique,  the  same  E  in  the  both 
equations  implies  the  same  Y,  vice  versa.  We  refer  Y  as  the  transformed  effect,  and  Y)  =  log  (z  =  1,  -  -  -  ,n) 
as  the  observed  transformed  effect.  Equating  the  right  hand  sides  of  the  equations  (4)  and  (5),  we  can  obtain  the 

relative  potency: 


p(y) 


_  Dy-1  —  §1 


IJ 


V.  2 


Pi 


which  is  a  constant.  Thus,  the  predicted  additive  effect  can  be  obtained  as 


Y  =  log - —  =  Fi  {di  +  pd2 )  =  Po  —  Pi(d\  +  pd2)  —  Po  +  Pidi  +  Ptdi- 

in  application,  we  may  first  regress  log  ^  on  dose  with  the  observations  of  each  drug  when  used  alone  to  see 
whether  the  fit  is  adequate  and  the  intercepts  of  the  two  regression  lines  for  the  two  drugs  are  close.  If  the  fit  is 
adequate  and  the  intercepts  of  the  two  regression  lines  for  the  two  drugs  are  close,  we  may  force  the  intercepts  are 
the  same  by  regressing  log  on  dl  and  d2  using  only  the  marginal  data  (i.e.,  the  data  with  di  =  0  or  d2  =  0). 
Thus,  we  obtained  the  estimates  of  p0,  fa ,  and  p2.  Plugging  these  estimates  in  equation  (6),  we  obtain  the  theoretic 
additive  effect  A(di  +  pd 2)  in  the  transformed  scale  for  each  combination  dose  (di,d2).  The  predicted  additive 
effect,  in  the  original  scale  at  (di,*fe)  is  obtained  by  the  inverse  transformation 

Edl4,  = -  /  f;- - — TT'  (?) 

1  +  exp  +  pa2)  ) 

Another  class  for  dose-effect  curves  is  that  the  effect  or  transformed  effect  has  a  linear  relationship  with  log(dose) 
or  log( concentration).  This  class  is  very  general  and  includes  many  families.  For  example,  the  EMAX  model 
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(Holford  and  Shiener,  1981), 


as  well  as  Chou  and  Talalay’s  (1984)  median  effect  equation  (a  special  case  with  Emax  =  1),  and  the  families  given 
r,v  Suhnel  (1998)  as  discussed  in  Kong  and  Lee  (2005).  Here  d  is  the  dose  of  a  drug,  Dm  is  the  median  effective 
dose  of  a  drug,  and  m  is  a  slope  parameter  depicting  the  shape  of  the  dose-effect  curve.  All  these  dose-effect  curves 
can  be  rewritten  as  Y,  a  monotone  function  of  E,  having  a  linear  relationship  with  logd.  For  example,  the  EMAX 


dose-effect  curve  has  the  form 

y  =  log- — E _  p-  =  m(logd  -  log  An).  (9) 

Tallarida  (2000,  Chapter  2)  points  out  that  the  data  point  in  the  mid  range  (say  between  20%  and  80%  of  the 
maximum  effect)  typically  displays  a  nearly  linear  trend  between  the  effect  and  logd  in  the  case  that  the  responses 
are  measured  on  a  continuous  scale.  Finney  (1971)  and  Govindarajulu  (2001)  point  out  that  the  probit  or  logistic 
transformed  effect  usually  has  a  linear  relationship  with  log  d  for  quantal  effect  data.  Consequently,  we  assume  that 
the  effect  or  transformed  effect  follows  a  linear  function  of  log(dose)  for  each  of  the  two  drugs  when  acting  alone. 


y  =  g(E)  =  do  +  id  I  log  Dy,  1  for  drug  1, 


(10) 


y  =  g(E)  =  Qo  +  ai  log  Dy, 2  for  drug  2. 


(11) 


Here  the  function  g  should  be  monotonic.  Again  we  refer  Y  as  the  transformed  effect,  the  same  Y  in  both  equations 
CIO)  and  (11)  implies  the  same  E,  and  vice  versa.  Equating  the  right  hand  sides  of  the  equations  (10)  and  (11),  we 
obtain  the  relative  potency  as 

Dy,i  _ ( ao  —  po  i  ai  —  (3 i 


■  + 


Pi 


-log  Dy,^j  , 


(12) 


where  Dy,i  =  p~ldi  +  d2.  The  relative  potency  is  constant  (i.e.,  p  =  exp  if  only  lf  Qi  =  ft-  Otherwise, 

iterative  methods,  such  as  Newton- Raphson  method,  must  be  used  to  obtain  the  relative  potency  estimate  for  each 
combination  dose  (di,d2)  by  solving 

f  ao  —  A)  .  ot\  —  j3\ 


p  =  exp 


Pi  Pi 

Once  the  relative  potency  is  obtained,  the  predicted  additive  effect 


log(p  1di  +d2)  ■ 


(13) 


y  =  Fildi  +  pd2)  =  Pa  +  Pi  log(di  +  pd2), 


(14) 


can  be  easily  obtained  for  each  combination  dose  (d1,d2)- 
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In  application,  we  may  first  regress  g(E)  on  dose  with  the  observations  of  each  drug  when  used  alone  to  see 
whether  the  fit-  is  adequate.  If  the  fit  is  adequate  we  may  plug  these  estimates  for  ft,  ft,  <*o,  and  aq  in  equation 
13)  and  compute  the  relative  potency  iteratively.  Then,  we  can  obtain  the  theoretic  additive  effect  Fi(di  +  pd2) 
n  the  transformed  scale  for  each  combination  dose  {di,d2)-  The  predicted  additive  effect  in  the  original  scale  at 
>/] .  do)  can  be  obtained  by  the  inverse  transformation 

Fdi.da  =  9  l  +  pd2)^j  •  (1°) 

3.2  Estimation  of  f(d\,dk) 

In  the  previous  subsection,  we  illustrated  how  to  estimate  the  additive  effect  for  each  combination  dose. 
Particularly,  we  can  estimate  the  additive  effect,  Fi(du  +  pda),  for  each  observed  combination  dose  {du,d2i) 

( :  - :  n) .  Then  we  can  easily  compute  the  differences  of  the  observed  effects  and  the  predicted  additive 

effects,  Yi  -  Fx{dxi  +  pd2i),  at  each  observed  combination  dose  (du,d2i)  (i  =  l,...,n).  Note  that  estimating  the 
marginal  dose-response  curves  are  based  on  the  marginal  data.  Subsequently,  based  on  the  Loewe  additivity  model, 
the  predicted  additive  effect  for  each  combination  dose  (di,d2)  can  be  determined  by  the  marginal  dose-response 
curves  and  the  combination  dose.  With  this,  our  next  step  is  to  use  f{di,d2)  to  capture  the  departure  from  the 
additive  effect,  which  only  exists  for  non-marginal  combination  dose,  i.e.,  (di,d2)  with  di  #  0  and  d2  ±  0  because 
by  definition,  there  is  no  interaction  when  a  drug  is  used  alone.  Theoretically,  f(d\,d2)  should  be  set  as  zero 
whenever  dx  =  0  or  d2  =  0.  However,  as  far  as  we  know,  in  the  frame  work  of  bivariate  splines,  there  is  no  such 
basis  functions  such  that  the  linear  combination  of  these  basis  functions  be  zero  at  (di,  d2)  with  di  =  0  or  d2  =  0. 
In  order  to  estimate  /(di,d2)  to  be  as  close  to  zero  as  possible  whenever  di  =  0  or  d2  =  0,  we  force  the  differences 
of  the  observed  and  predicted  effect  at  the  marginal  observations  to  be  zero.  Thus,  we  define 

1,  if  di  ^  0&d2  /  0 

1{d1?0kd.2^0}  =  % 

I  0,  Otherwise. 

Then,  we  can  proceed  to  estimate  the  function  /(di,d2)  based  on  the  observed  doses  (du,d2i)  and  the  modified 
differences  —  Fi(du  +  pd2i)^j  l{di,^o&d24^o}  for  i  =  1, . . .  ,n. 

Several  available  methods  can  be  applied  to  estimate  f{d\,d2)  in  the  frame  work  of  splines  including  tense- 
product  spline  and  thin  plate  splines  (Green  and  Silverman,  1994).  The  bivariate  tense-product  splines  are  based 
on  the  products  of  two  single  variable  splines,  which  generate  the  splines  over  a  rectangle  region,  while  the  thin 
plate  splines  can  incorporate  observations  from  any  kinds  of  design,  such  as  factorial  design,  ray  design  (Chou  and 
Talalay.  1984),  and  the  uniform  design  (Tan  et  at,  2003).  Also  the  thin  plate  spline  is  ready  to  be  extended  to  high 
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dimensional  data  (Ruppert  et  al.,  2003;  Green  and  Silverman,  1994). 

To  estimate  f(d\,  d2)  using  thin  plate  splines,  first  we  need  to  choose  knots.  Here  we  take  all  the  distinct  values 
among  (du-.  d2 i)T  (i  =  1, . . . ,  n)  as  the  knots,  say,  (kj*,  K,2k)T  [k  =  1,  ■  •  • ,  K).  Then  using  the  basis  function  given 
by  Green  and  Silverman  (1994)  and  the  above  knots,  f(di,d2)  can  be  expressed  as  a  linear  combination  of  the 


following  form: 


K 

f  ( di ,  d2)  =  To  +  Ti^i  +  72^2  +  E  Ufc7j( ||(dl,d2)T  -  (Klk,K2k)T\\), 

k= 1 


(16) 


where  the  basis  function 


V(r) 


=  l^r2l°gr2 

=  0 


for  r  >  0, 
for  r  —  0, 


(17) 


nd  the  distance  between  two  combination  doses  is  defined  as  the  Euclidean  distance: 


j|(d1,d2):r  -  (K,lk,K2k)T\\  =  v/(di  -  kh)2  +  (di  -  «2fc)2- 

The  parameters  7i  (i=0,  1,  2)  and  vk  {k  =  1, . . .  ,R)  can  be  estimated  by  minimizing  the  following  penalized  sum 
of  squares  (PSS): 


(18) 


n  \  2 

PSS  =  ^  ((Y,  -  Fi(dn  +  pd2i))l{d^Q^<hi^0}  -  f{du,d2i)j  +  AJ(/), 

i=  1 

where  the  first  term  measures  the  goodness  of  fit,  and  the  second  term 

J(/,  =  .//».{(S)2+2(S;)J+(0)  2}dxi> 

measures  the  smoothness  of  the  function  f(dud2),  and  the  smoothing  parameter,  A,  measures  the  tradeoff  between 
the  goodness  of  fit  and  the  smoothness  of  the  function  /.  The  selection  of  the  smoothing  parameter  A  is  important. 
Following  the  idea  of  Ruppert  et  al.  (2003),  we  develop  the  following  procedure  to  estimate  the  parameters  7<  (i=0, 
1,  2),  uk  (k  =  1, . . . ,  K),  and  the  smoothing  parameter  A. 

Under  the  form  of  (16)  for  /(dj.rfc),  Green  and  Silverman  (1994)  showed  that  J{f)  =  vTQv,  where 


n  = 


(||(Klfc,  K2k)T  —  {Klk',K2k')T\\)i<k,k'<K  ' 


Thus  s'  18)  can  be  written  as 


(Yr  -Xy-  Z1  v)T  ( Yr  -Xy-  zxv)  +  XvTQv, 


(19) 


Yr  =  j^(Vl  —  Fi(dn  +  pdn)j  l{dn^0&d2i^0}!  •  -  •  1  (E  F\{d\n  +  P^2n)) 
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X  —  [1,  d\i,  d2i]j<i<n  ’ 

Z\  =  |??(||(dlii  d2i)T  ~  (Kl/:j  K2k)T \\)  i<k<x\  1<i<n  ’ 

7  =  (7o,7i>72)T,  and  v  =  (vu  . . . ,  vK)T. 

Estimations  of  the  parameters  7  and  v  and  the  selection  of  the  smoothing  parameter  A  can  be  obtained  using 
software  readily  available  for  linear  mixed  effect  models.  To  see  this  point,  set  u  =  Sl*v,  where  SI*  is  the  matrix 
square  root  of  SI,  which  can  be  obtained  by  first  finding  the  singular  value  decomposition  of  SI  =  Udiag(uj)VT, 
then  Q*  =  Udiaff(y/cJ)VT.  Here  U  and  V  are  K  x  I<  matrices  with  UTU  =  VVT  =  Ik,  and  uj  is  a  K  x  1  vector 
with  nonnegative  entries  (Ruppert  et  al.  2003,  p329).  Thus  minimizing  (19)  is  equivalent  to  minimizing 

{Yr  -  X7  -  Zu)T  ( Yr  -X'r  -  Zu )  +  \uTu,  (20) 


where  Z  =  ZiS1~'i.  The  expression  (20)  is  proportional  to  the  negative  exponential  part  of  the  joint  distribution 
of  Yr  and  u  under  the  following  model  assumption: 


Yr  =  X'y  4-  Zu  +  6 


(“1 

l 

~N 

(0) 

(  2  T 

0)) 

\e  ) 

\ 

lb 

\  ° 

ac^n  j  j 

(21) 


where  A  is  replaced  by  %.  The  solution  of  minimizing  (20)  is  the  same  as  the  best  linear  unbiased  predictor 

cr u 

(BLUP)  for  7  and  u  in  the  mixed  model  (21)  and  this  solution  can  be  written  as 


(\ 

(  \ 

7] 

=  BLUP 

7 

\V 

w 

=  (CTC  +  \d)-1ctyr, 


(22) 


with  C  =  [. X  Z]  and  D  =  diag( 0, 0,  0, 1. ... ,  1),  where  the  number  of  zeros  in  the  matrix  D  corresponds  to  the 
number  of  77s  (i  =  0, 1,2)  and  the  number  of  ones  corresponds  to  the  number  of  Mi’s  (i  =  1, . . . ,  K).  In  Appendix 
A,  under  the  model  assumption  (21)  we  proved 


\u-uj 


=  ~\{CtC  +  XD)~ 


\v 


+  {CTC  +  \D)~1CTe , 


(23) 


and 


Cov 


(7-7 


) 


\u  —  UJ 


=  a2c(CTC  +  XD)-1. 


(24) 


For  any  combination  dose  (di,d2),  if  we  denote  /(di,d2)  =  70  +  7i^i  +  72^2  +  Z0u  with  Z0  —  [??(||(di,  d2)T 

K2fc)T,|)]i<fc<Jf  then  f(di,d2)  =  70  +7idi  +  72<fe  +  Z0u  is  the  best  linear  unbiased  prediction  (BLUP) 

2  ^ 

for  /(di,d2).  Usually  a2  and  a\  are  unknown,  consequently,  A  =  ^  is  unknown,  therefore,  7  and  u  are  unknown. 
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Let  of  and  a\  be  the  restricted  maximum  likelihood  estimators  (REML)  of  of  and  cr^  in  the  mixed  model  (21). 
Replacing  A  by  A  =  |i  in  (22),  we  can  obtain  the  estimated  BLUP  for  7  and  u,  say  7  and  u.  Thus  the  estimated 
B.LUP  for  f(dud2)  is  /(di,d2)  =70  +  7idi  +72d2  +  Z0u.  Let  us  denote  Cd  =  (1,  du  d2,  Z0)  for  each  combination 
dose  (d,.d2),  then  based  on  (23),  in  general  the  following  conditional  expectation 

:  0,  (25) 


f 

(-  \ 

} 

7-7 

}  =  CdE  < 

|u  | 

—  uj 

J 

while  the  unconditional  expectation 


}  =CdE 

(-  \ 
1  7-7 

-  Wy 

=  0. 


(26) 


The  BLUP  for  /(di,d2)  is  unbiased  unconditionally.  Therefore,  the  unconditional  estimates  are  preferred.  From 
(24)  and  (26),  we  can  obtain 

1  2 


Var{/(di,d2)  -  /(di,d2)}  =  E  { f{dud2 )  -  /(di,d2)} 


(27) 


=  CdCov 


(.  \ 

7  -  7 


Cj  =  a2tCd(CTC  +  \D)~lCj. 


Since  /(di,d2)  -  /(di,d2)  =  Cd 


\u  ~  U  j 

,  (23)  and  (26)  imply  that 

/(di,d2)  -  /(di,d2)  ^ 

^/var|/(di,d2)  -  /(di,d2)| 


\u  —  U  j 


N(  0,1). 


(28) 


This  altogether  with  (27)  suggest  that 


st. dev.  j/(di, d2)  —  /(di, d2)j  ~  de\Jcci{CTC  +  XD)  lCj. 


(29) 


and 

/(di,d2)  -  /(di,d2)  approx.  ^  (30) 

st.dev.  |/(di,d2)  — /(di,d2)| 

Thus,  an  approximate  100(1  -  a)%  confidence  interval  for  /(di,d2)  can  be  constructed  as 

/(di,d2)  ±  zf  st.dev.  |/(di,d2)  —  /(di,  d2)| ,  (31) 

where  za  is  the  upper  §  x  100%  percentile  of  the  standard  normal  distribution.  A  =  ffr  with  d*  and  d£  being 
REML  estimates  for  of  and  in  model  (21). 
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4.  Case  Studies 


Example  1:  We  analyzed  the  10  data  sets  derived  from  10  cell  lines  treated  with  SCH66336,  a  farnesyl 
ransferase  inhibitor,  and  4-HPR,  a  retinoid,  alone  and  in  combinations  (data  are  provided  by  Dr.  Reuben  Lotan 
at  M.D.  Anderson  Cancer  Center).  Both  agents  have  activities  in  producing  apoptosis  or  programmed  cell  death. 
The  objective  is  to  study  the  efficacy  and  quantify  the  drug  interaction  when  the  two  agents  are  used  in  combination. 
'To  illustrate  the  data  structure  and  the  procedure  to  estimate  our  proposed  model  (3),  we  present  the  analysis  on 
the  data  set  derived  from  the  cell  line  UMSCC22B  in  detail.  The  data  set  is  shown  in  Table  1.  The  experiment  was 
conducted  in  six  trays  with  each  tray  containing  96  wells.  All  the  wells  along  the  margins  were  not  used.  In  each  of 
those  used  wells,  the  cells  were  treated  either  with  zero  dose  (control  group),  or  single  drug  doses,  or  combination 
doses.  The  fraction  of  cell  survival  in  each  well  is  recorded.  The  smaller  fraction  of  cell  survival  indicates  higher 
apoptosis  activities,  hence,  higher  efficacy.  Aside  from  the  control,  the  first  group  (Tray  1)  in  Table  1  are  the 
fraction  of  cell  survival  resulted  from  treating  cells  with  drug  SCH66336  alone.  The  last  group  (Tray  6)  are  the  cell 
survival  resulted  from  treating  cells  with  drug  4-HPR  alone.  The  other  four  groups  (Tray  2  to  Tray  5)  are  the  cell 
survival  fractions  resulted  from  the  two  treatments  combined.  In  each  tray  there  is  a  control  group.  For  each  dose 
combination  in  each  tray,  experiments  were  conducted  with  six  replications.  We  fitted  the  marginal  data  to  EMAX 
model  (9)  by  taking  Emax  as  the  mean  of  the  control  group,  and  the  logistic  model  (4).  The  two  fitted  marginal 
dose-effect  curves  for  SCH66336  are  shown  in  Figure  1,  Panel  A,  here  the  solid  curve  is  based  on  the  model  (9),  and 
the  dashed  curve  is  based  on  the  model  (4).  The  two  fitted  marginal  curves  for  4-HPR  are  shown  in  Panel  B.  In  the 
two  panels,  the  observed  data  are  shown  as  circles.  Comparing  the  two  fitted  marginal  curves  with  the  observed 
data  in  each  panel,  we  conclude  that  EMAX  model  fits  the  data  better.  Therefore,  we  choose  EMAX  model  as  the 
marginal  dose-effect  curve.  Taking  Emax  as  the  mean  of  the  control  group,  fitting  the  EMAX  model  is  equivalent 
lo  fitting  Chou  and  Talalay’s  median  effect  model  with  effect  as  the  cell  survival  divided  by  the  mean  of  the  control. 
In  the  following  data  analysis,  the  effects  will  be  taken  as  the  observed  fractions  of  cell  survival  divided  by  the 
mean  of  the  corresponding  control  group  in  each  tray  (c.f.,  Kanzawa  et  al.  (1999)  for  similar  procedure).  Based 
on  the  processed  data,  we  can  obtain  the  two  marginal  dose-effect  curves:  Y  =  log  ^g  =  0.0973  —  0.3373  log  DVii 
for  SCH66336  with  a  residual  error  0.2684  (i.e.,  <7  =  0.2684),  and  Y  =  log  y^g  =  0.2303  —  0.4672  log  DVi2  for 
4-HPR  with  a  residual  error  0.5618.  Then,  we  can  obtain  the  predicted  additive  effect  for  each  combination  dose 
assuming  the  additive  effect  in  E  scale  using  the  inverse  transformation  (7)  (Panel  C).  The  differences  of  observed 
effect  and  predicted  effect  versus  the  observed  effect,  all  in  logit  scale,  is  shown  in  Panel  D,  where  the  “+”  and 
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correspond  to  the  marginal  data  for  SCH66336  dose  and  4-HPR  dose,  respectively.  The  circles  correspond  to 
the  non-marginal  data.  The  differences  versus  SCH66336  and  4-HPR  are  plotted  in  Panel  E  and  F,  respectively. 
From  Panels  E  and  F,  it  is  clear  that  the  differences  for  the  lower  combination  doses  are  roughly  centered  around 
zero,  indicating  additivity  of  the  associated  combination  doses,  and  the  differences  for  median  to  large  combination 
doses  are  less  than  zero,  indicating  lack  of  fitting  the  additive  model  while  drug  combination  is  synergistic  in  the 
associated  combination  doses. 

Now,  we  proceed  to  estimate  /(d1,d2).  The  estimated  residual  error  ae  =  0.217  and  the  estimated  smoothing 
parameter  A  =  0.1477.  The  contour  plot  of  the  estimated  /(dj,^)  were  shown  in  Panel  G.  The  95%  confidence 
surfaces  for  /(di ,  d2)  were  constructed  based  on  (31).  The  95%  confidence  intervals  for  f{d\,  d2)  =  0  can  be  formed 
by  t  aking  the  intersection  lines  of  the  upper  and  lower  confidence  surfaces  with  the  dose  plane.  The  dotted  line 
in  Panel  G  is  the  intersection  line  of  the  upper  confidence  surface  with  the  dose  plane,  and  the  intersection  line  of 
the  lower  confidence  surface  with  the  dose  plane  falls  outside  the  left-lower  corner  of  the  illustrated  region.  From 
Panel  G,  we  conclude  that  the  combination  doses  above  the  dotted  line  are  synergistic  (/(di,d2)  <  0),  and  the 
combination  doses  below  the  dotted  line  are  additive  (/(di,  d2)  is  not  significantly  different  from  zero).  The  residual 
plot  (Panel  H)  indicates  that  the  fit  has  improved  compared  to  Panel  D  under  the  additive  model  although  one 
outlier  remained.  This  outlier  came  from  fitting  marginal  dose-response  curve  for  4-HPR.  As  we  reasoned,  there  is 
no  drug  interactions  when  drugs  used  alone,  we  force  the  differences  of  the  observed  effect  and  predicted  effect  for 
marginal  data  being  zero  when  estimating  f(di,  d2).  This  is  why  the  residual  of  1.5  was  not  reduced  in  Panel  H.  We 
add  /(<fi,d2)  to  the  predicted  effect  surface,  then,  obtain  the  fitted  effect  surface  on  the  logit  scale,  Panel  I  shows 
t  he  contour  plot  of  the  fitted  effect  surface  in  the  original  effect  scale.  The  contour  plot  of  the  raw  data  is  shown 
in  Panei  .1.  The  contour  plot  in  Panel  I  is  similar  to  the  contour  plot  of  the  raw  data  (Panel  J),  which  indicates  the 
fit  is  reasonable.  On  the  other  hand,  Panel  C  is  quite  different  from  Panel  J  suggesting  that  the  additive  model  is 
not  adequate  to  describe  the  data.  We  also  fitted  the  dose-effect  curve  with  the  combination  doses  at  fixed  ratio 
1:1.  the  curve  and  observed  values  are  shown  in  Panel  K,  and  the  plot  of  the  corresponding  interaction  indices 
versus  the  effects  is  shown  in  Panel  L.  Each  dot  in  Panel  L  was  the  interaction  index  based  on  the  average  effect 
at  each  combination  dose  at  the  fixed  ratio,  the  vertical  bars  were  the  corresponding  confidence  intervals  based  on 
the  derivation  in  Lee  et  al.  (2005)  with  considering  the  variance  in  the  effect.  From  Panel  L,  we  conclude  that 
at  fixed  ratio  1:1  the  lower  combination  doses  (with  higher  cell  survival)  are  additive  and  the  moderate  to  higher 
combination  doses  are  synergistic.  The  conclusions  on  drug  interaction  based  on  our  proposed  model  are  consistent 
with  those  based  on  the  Chou  and  Talalay’s  model. 
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Example  2.  We  also  analyzed  another  data  set  by  Kanzawa  et  al.  (1999)  shown  in  Figure  2.  The  data  set 
was  published  in  the  original  paper  and  can  be  found  there.  The  two  treating  drugs  are  cisplatin  (CDDP)  and 
KRN5500.  a  new  derivative  of  spicamycin  having  a  wide  range  of  antitumor  activities.  The  figure  layout  is  the  same 
as  in  Figure  1  except  for  Panel  K  and  L.  Panel  K  and  L  are  the  plots  of  interaction  indices  versus  the  effect  for  the 
combination  doses  of  CDDP  and  KRN5500  at  the  fixed  ratio  1:1  and  10:1,  respectively.  Similar  to  Example  1,  we 
conclude  that  Chou  and  Talalay’s  median  effect  equation  fits  the  marginal  data  better  based  on  Figure  2,  Panel  A 
and  B.  The  fitted  marginal  dose-effect  curves  are  Y  =  log  ymg  =  —2.1759—1.4491  logD^i  for  CDDP  with  a  residual 
error  0.3436,  and  Y  =  log  yfg  =  -3.3736  -  1.3883  log  Dv<2  for  KRN5500  with  a  residual  error  0.3088.  From  Panel 
I-.,  it  seems  that  the  combination  doses  with  lower  CDDP  are  additive  (i.e. ,  the  differences  are  centered  around 
zero),  the  combination  doses  with  median  CDDP  are  synergistic  (i.e.,  the  differences  are  less  than  zero),  and  the 
combination  doses  with  high  CDDP  are  antagonistic  (i.e.,  the  differences  are  greater  than  zero).  By  applying  the 
proposed  semiparametric  method,  the  residual  error,  dy  =  0.152,  and  the  smoothing  parameter  was  A  —  0.00188. 
The  well  behaved  residual  plot  (Panel  H)  and  the  similarity  between  the  contour  plot  of  the  fitted  effect  surface 
(Panel  1)  and  the  contour  plot  of  the  raw  data  (Panel  J)  indicate  that  semiparametric  method  provides  adequate 
tit  to  the  data  and  yields  much  improvements  over  the  simple  additive  model.  In  Panel  G,  the  dotted  lines  (center 
and  far  left  in  the  figure)  are  the  intersection  lines  of  the  95%  upper  confidence  surface  with  the  dose  plane,  while 
the  dashed  line  (far  right  in  the  figure)  is  the  intersection  line  of  the  95%  lower  confidence  surface  with  the  dose 
plane.  We  conclude  that  the  combination  doses  below  the  left  most  dotted  line  (denoted  as  Region  I)  are  additive 
(i.e.  /(di.efe)  is  not  significantly  different  from  zero),  the  combination  doses  between  the  left  most  dotted  line 
and  the  middle  dotted  line  (denoted  as  Region  II)  are  synergistic  {f{d1,d2)  <  0),  the  combination  doses  between 
the  middle  dotted  line  and  the  dashed  line  (denoted  as  Region  III)  are  additive  (i.e.  f(di,d2)  is  not  significantly 
different  from  zero),  and  the  combination  doses  below  the  dashed  line  (denoted  as  Region  IV)  are  antagonistic 
( f(di,d:2)  >  0).  From  Panel  K,  the  combination  doses  with  large  effect  at  fixed  ratio  1:1  (corresponding  to  Region 
1)  are  additive,  and  the  combination  doses  with  small  effect  at  the  fixed  ratio  1:1  (corresponding  to  Region  II)  are 
synergistic.  To  compare  the  results  in  Panel  L  and  Panel  G,  we  may  think  of  a  straight  line  passing  through  (0,  0) 
and  (2.5.  0.25)  in  Panel  G.  At  the  fixed  ratio  10:1,  the  combination  doses  with  large  effect  (Region  I)  are  additive, 
the  combination  doses  with  moderate  to  small  effects  (Region  II)  are  synergistic,  and  the  combination  doses  with 
very  small  effect  (Region  III)  are  additive.  So  the  conclusions  from  the  proposed  model  on  drug  interactions  are 
consistent  with  those  obtained  from  Chou  and  Talalay’s  model.  The  results  in  Panel  G  are  also  consistent  with  the 
findings  by  Kanzawa  et  al.  (1999)  based  on  isobologram  and  the  combination  index  plots  with  a  =  0. 
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5.  Simulation  studies 


In  this  section,  we  illustrate  that  the  choice  of  the  smoothing  parameter,  A,  is  important.  By  simulations  we 
want  to  see  whether  the  estimation  of  the  function  /  in  our  semiparametric  model  is  accurate,  and  whether  the 
semipara, metric  model  can  detect  different  patterns  of  drug  interactions  successfully. 

As  we  pointed  in  Section  3.2,  the  smoothing  parameter,  A,  measures  the  tradeoff  between  the  goodness  of  fit 
and  the  smoothness  of  the  function  /.  As  A  goes  larger,  the  smoothness  of  the  function  /  will  be  emphasized. 
Especially  when  A  goes  to  infinity,  minimizing  PSS  in  (18)  will  force  the  penalty  term  J(f)  to  zero,  thus,  /  will 
be  a  plane  of  the  form  70  +  71  di  +  72^2-  Contrarily,  as  A  goes  smaller,  the  goodness  of  fit  will  be  emphasized. 
Especially  when  A  goes  to  zero,  /  will  follow  the  modified  differences,  Yr  s,  closely,  and  the  resulting  /  will  be 
wiggly.  In  the  literature,  there  are  two  widely  used  methods  to  select  the  smoothing  parameter.  One  is  the  so 
called  generalized  cross  validation  (GCV)  method,  which  is  obtained  by  grid  search  for  A  in  (0,  00).  The  other, 
employed  in  this  paper,  is  based  on  the  REML  estimates  under  the  frame  work  of  linear  mixed  effect  model.  One 
may  refer  Ruppert  et  al.  (2003)  for  details.  To  illustrate  the  importance  of  the  choice  of  the  smoothing  parameter 
A.  we  start  with  the  results  of  Example  1.  In  Example  1,  the  smoothing  parameter  A  was  chosen  as  0.1477  based 
on  the  REML  estimates.  The  contour  plot  of  the  corresponding  estimated  /(di,  d2)  is  shown  in  Figure  1,  Panel  G. 
Let  A  increase  by  100  fold,  the  contour  plot  of  the  corresponding  estimated  f(di,d2)  is  shown  in  Figure  3,  Panel 
Al.  It,  appears  that  each  contour  level  is  close  to  a  straight  line.  On  the  other  hand,  we  decrease  A  by  10  fold  and 
the  contour  plot  of  the  corresponding  estimated  f(di,d2 )  is  shown  in  Figure  3,  Panel  A2.  It  is  clear  that  some 
contour  level  is  too  wiggly.  To  make  the  comparison  clear,  we  plotted  the  three  estimated  /  versus  SCH66336  dose 
with  4-HPR  fixed  at  1  in  Figure  3,  Panel  A3.  There  the  solid  line,  dotted  line,  and  dashed  line  are  the  resulting 
estimated  f{dud2)  with  A  fixed  at  0.1477,  14.77,  and  0.01477,  respectively.  It  is  clear  that  the  dotted  line  is  close 
to  a  straight  line  due  to  /  being  estimated  with  too  much  smoothness,  while  the  dashed  line  is  too  wiggly  due  to 
/  being  estimated  locally  with  counting  too  much  noise. 

To  examine  whether  the  function  / (di ,  d2)  can  be  estimated  accurately  or  not,  we  generate  data  based  on  the 
marginal  dose-effect  curves  estimated  from  Example  1,  and  f(di,d2)  =  —0.2  *  (did2)s(d2  —  1.5 d\  +  4.5di  —  2.125) 
(Figure  3,  Panel  B).  The  construction  of  f(di,d2)  mimics  the  scenario  that  there  are  different  patterns  of  drug 
interactions  within  the  same  data  and  there  is  no  drug  interaction  when  drug  used  alone.  We  generated  the 
marginal  data  by  adding  the  white  noise,  N (0,  af),  to  the  “true'’  effect  on  the  logit  scale.  Similarly,  we  generate 
the  non-marginal  data  by  adding  the  white  noise,  1V(0,  <r|),  to  the  sum  of  the  additive  response  and  /(di,d2), 
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where  the  additive  response  surface  is  constructed  based  on  the  underlying  marginal  dose-effect  curves.  We  took 
the  same  settings  as  in  Example  1  except  adding  one  more  dose  for  drug  1  at  dL\  =  3  with  6  replicates  for  each 
factorial  combination  dose.  We  took  ay  —  0.3,  which  lies  between  the  the  estimated  residual  errors  for  SCH66336 
and  4-HPR.,  and  a2  =  0.217,  which  is  the  estimated  residual  error  for  /.  We  generated  20  samples,  estimated 
fid  .d2),  and  plotted  the  /(di,d2)  at  each  fixed  d2  level  in  Figure  3,  Panel  Cl  through  Panel  C5.  In  each  Panel, 
the  solid  line  is  the  underlying  f{di,d2)  by  varying  dx,  and  the  dotted  lines  are  the  estimated  curves  for  each  of 
the  20  samples.  It  is  evident  that  the  fitted  curves  are  close  to  the  underlying  true  curves. 

To  see  whether  the  semiparametric  can  detect  different  patterns  of  drug  interactions,  we  use  the  same  scenario 
as  above  without  adding  extra  combination  doses.  We  performed  the  simulations  under  three  different  settings 
on  ay,  tr2:  crn  =  0.3,  (72  =  0.217;  ay  =  cr2  =  0.1;  ay  =  a2  =  0.01.  For  each  setting,  we  generated  1000  samples. 
For  each  sample,  we  fitted  the  semiparametric  model,  estimated  the  function  f{di,d2),  and  counted  whether 
the  95%  confidence  interval  (Cl)  constructed  based  on  (31)  contains  zero  (indicating  the  estimated  f(di,d2)  is 
not  significantly  different  from  zero,  thus  additive  at  {di,d2)),  or  the  lower  limit  of  the  Cl  is  greater  than  zero 
(indicating  the  estimated  f[d\,d2)  >  0  significantly,  thus  antagonism  at  (c?i,d2)),  or  the  upper  limit  of  the  Cl  is 
less  than  zero  (indicating  the  estimated  f{di,d2)  <  0  significantly,  thus  synergy  at  (di,d2)).  The  percentage  of 
counts  of  the  lower  limit  is  greater  than  zero  (denoted  as  pct.p),  the  percentage  of  counts  of  the  confidence  interval 
contains  zero  (denoted  as  pet. a),  and  the  percentage  of  counts  of  the  upper  limit  is  less  than  zero  (denoted  as  pct.n) 
are  listed  in  Table  2.  In  Table  2,  it  is  clear  that  as  the  standard  deviation  goes  smaller,  the  precision  on  predicting 
drug  interaction  will  be  improved.  Since  there  are  6  replicates  for  each  combination  dose,  any  /  value  lying  in  the 
interval  (-2a2/v/6,  2a2/V&)  may  be  predicted  as  additive,  i.e.,  the  confidence  interval  (31)  for  the  estimated  f  may 
contain  zero.  For  example,  when  a2  =  0.217,  2a2/\/&  —  0.177,  any  f  value  lying  in  the  interval  (-0.177,  0.177)  has 
more  than  5%  of  chance  to  be  predicted  as  additive.  This  explains  why  when  the  percentages  of  additivity  counts 
under  the  fourth  column  are  so  high  for  smaller  /  values.  Comparing  the  results  under  different  settings,  it  is  clear 
that  the  precision  on  predicting  drug  interactions  will  be  improved  as  the  standard  deviations  becomes  smaller. 

6.  Discussion 

We  have  analyzed  two  data  sets  based  on  in  vitro  studies  (SCH66336  and  4-HPR  study  and  Kanzawa  ef  al. 
1999)  to  assess  the  drug  interactions.  Both  data  sets  show  that  the  EMAX  model  (9)  (or  Chou  and  Talalay’s 
median  effect  model  with  Emax= 1)  gives  better  fit  than  the  logistic  function  model  (4).  Subsequently,  we  used 
Chou  and  Talalay’s  median  effect  model  as  the  dose-effect  curve  for  single  drug.  As  shown  in  Subsection  3.1,  the 
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relative  potency  in  general  is  varying.  In  order  to  predict  the  additive  effects  for  the  combination  doses,  we  have 
constructed  an  algorithm  to  incorporate  the  varying  relative  potency.  To  assess  whether  our  method  is  accurate 
in  assessing  drug  interactions,  we  fitted  the  data  with  the  combination  doses  at  a  fixed  ratio.  Then  based  on  the 
two  marginal  dose-effect  curves  and  the  dose-effect  curve  at  the  fixed  ratio,  a  plot  of  interaction  index  versus  effect 
can  be  obtained.  The  confidence  interval  for  each  interaction  index  can  be  constructed  based  on  Lee  et  al.  (2005). 
Based  on  the  confidence  intervals  we  can  know  the  patterns  of  the  drug  interactions  for  combination  doses  at  the 
fixed  ratio.  One  limit  of  Chou  and  Talalay’s  method  is  that  it  can  only  detect  the  patterns  of  drug  interactions  for 
the  combination  doses  at  the  fixed  ratio. 

in  contrast,  our  method  can  give  an  overall  picture  of  the  patterns  of  drug  interactions  over  the  entire  ex¬ 
perimental  dose  range.  The  consistency  on  assessing  drug  interactions  for  the  combination  doses  at  several  fixed 
ratios  in  the  case  studies  in  Section  4  and  the  simulations  in  Section  5  indicate  the  accuracy  of  our  proposed 
method,  in  addition,  we  refer  that  the  proposed  semiparametric  model  can  incorporate  varying  relative  potency 
arid  identify  different  patterns  of  drug  interactions  within  the  same  data.  Because  the  fitted  dose-effect  surface 
f\  {<h  —  f>do)  — /(di,  fife)  gives  an  overall  picture  of  dose-effect  relationship,  it  also  can  help  us  to  identify  the  optimal 
combination  therapy. 

In  the  semiparametric  model,  we  use  a  function  /  to  capture  the  patterns  of  drug  interactions.  The  estimated 
function  /  and  its  95%  confidence  surfaces  may  guide  us  to  explore  whether  some  parametric  models  are  sufficient 
to  describe  the  data.  If  the  fitted  function  /  and  its  confidence  surfaces  indicate  the  modes  of  drug  interactions  for 
all  combination  doses  are  the  same,  then  a  parametric  model  with  a  single  parameter  capturing  drug  interaction 
may  suffice.  If  the  fitted  function  /  and  its  confidence  surfaces  indicate  the  modes  of  drug  interactions  for  the 
combination  doses  at  each  fixed  ratio  are  unique,  the  parametric  model  proposed  by  White  et  al.  (2004)  may  be 
appropriate.  W'e  advocate  our  proposed  semiparametric  model  since  we  typically  do  not  know  the  true  patterns  of 
drug  interactions.  Blindly  using  any  parametric  models  can  be  dangerous  and  may  lead  to  the  wrong  conclusions  of 
drug  interactions.  In  our  proposed  model,  we  do  not  assume  any  parametric  patterns  for  f(d\,  dz).  The  conclusions 
of  drug  interactions  are  based  on  the  estimated  /  and  its  confidence  surfaces,  which  are  determined  by  the  underlying 
data. 

The  procedure  for  estimation  of  the  proposed  model  is  easy  to  implement  in  SPLUS  or  R.  The  methodology 
we  developed  here  is  ready  to  be  extended  to  detect  the  patterns  of  drug  interactions  in  cases  with  more  than  two 
drugs  (say,  k  >  2  drugs).  When  the  dose-effect  curve  for  single  drug  follows  model  (4),  the  predicted  additive  effect 
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.■;in  be  obtained  as 

E 

Y  =  log  _■■■—  =  70  +  7idi  4 - b  7fc<4- 

When  the  dose-effect  curve  for  single  drug  follows  model  (10),  one  can  extend  the  additive  effect  surface  for  k  drug 

combinations  as  follows: 

Y  -  3o  +  Pi  log  (di  4-  p2d2  4 - pkdk) ,  (32) 

where  p-,  —  exp(7to  +7u  log  Di)  (i  =  2,  •  •  •  ,k)  is  the  relative  potency  of  drug  i  versus  drug  1,  and  Di  is  the  amount 
of  drug  1  having  an  equivalent  effect  to  that  of  the  combination  (di,...,dfc)  under  the  additive  assumption.  D\ 
can  be  obtained  by  solving  the  following  equation 

d\  4-  p2d2  +  ■  •  ■  4-  pkdk  —  D\. 

Here  7,0  and  7^  are  uniquely  determined  by  the  two  dose-effect  curves  for  drug  1  and  drug  i  (i  =  2, . . . ,  k).  In 
this  k-dimensional  cases,  the  construction  of  f(di,...,dk)  can  be  found  in  Green  and  Silverman  (1994),  and  the 
estimation  of  f{d\, . . .  ,<4)  is  parallel  to  Subsection  3.2. 

Constructing  the  semiparametric  method  involves  two  steps:  to  estimate  the  marginal  dose-effect  curves  para¬ 
metrically,  and  to  estimate  the  effect  beyond  additivity  nonparametrically.  Since  the  additive  effect  is  estimated 
based  on  the  marginal  dose-effect  curves,  in  order  t.o  estimate  the  additive  effect  with  smaller  error,  the  marginal 
effect  curves  must  be  estimated  as  accurately  as  possible.  Thus,  in  the  second  step,  the  f(di,d2),  which  captures 
the  difference  of  the  true  response  surface  and  the  additive  surface,  can  be  estimated  with  smaller  error  as  well. 
Oontrarily,  when  the  marginal  dose-response  curves  are  estimated  with  large  error,  consequently,  the  predicted  ad¬ 
ditive  effects  will  be  estimated  with  large  error  too.  Subsequently,  these  errors  will  be  passed  to  estimate  f(di,  d2). 
Thus,  when  we  construct  an  95%  upper  and  lower  confidence  surfaces  for  f{d\,d2)  accurately,  how  to  cooperate 
the  errors  from  estimating  the  additive  effects  deserves  our  further  investigation. 

The.  methodology  we  developed  can  be  applied  to  analyze  data  from  animal  studies  with  binary  endpoints  such 
as  response  or  no  response.  In  such  a  data  set,  for  each  dose  or  combination  dose  {du,d2i)  (i  =  !»•••»  ti),  the 
number  of  animals  n4  assigned  and  the  number  of  response  iq  were  recorded.  We  assume  that  r,  follow  a  binomial 
distribution  with  parameters  rq  and  Ei,  where  Ei  is  the  expected  probability  of  effect  at  the  combination  dose 
(di,,  d2l).  For  such  a  data,  the  maximum  likelihood  estimates  for  parameters  in  the  marginal  dose-response  curves 
are  appropriate.  However,  when  we  estimate  f(di,d2)  in  E  scale,  the  sum  Fi(di  4-  pd2)  +  f(di,d2)  may  be  out 
of  the  range  (0,1):  when  we  estimate  f(d\,d2)  based  on  the  transformed  responses  on  a  logit  scale  or  a  probit 
scale,  we  need  to  ignore  the  observations  with  the  response  rate  being  zero  or  one  since  the  associated  transformed 


18 


responses  are  infinite.  By  ignoring  some  observations,  we  lose  information.  A  better  estimation  method  using  all 
of  the  information  should  be  pursued. 


Appendix  A.  Derivation  for  the  variance  of  the  BLUP  for  7  and  u 
Under  the  assumption  of  the  model  (21),  the  BLUP  for  7  and  u  can  be  expressed  as  (22).  From  there  we  have 
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Table  2:  The  percentages  to  be  claimed  to  be  antagonistic  (pct.p),  additive  (pet. a),  and  synergistic  (pct.n)  at  the 
corresponding  combination  dose  under  different  settings. 


{di,d2)  f{di,d2) 

g  i  =  0.30 

<72  =  0.217 

pct.p  pct.a  pct.n 

pct.p 

ax  =  0.1 

G2  =  0.1 

pct.a 

pct.n 

<7 1  =  0.01 

a2  —  0.01 

pct.p  pct.a 

pct.n 

(0.1,  0.1) 

0.101 

33.3 

66.2 

0.5 

76.8 

23.2 

0 

100 

0 

0 

(0.1,  0.5) 

0.113 

36.4 

63.2 

0.4 

86.0 

14.0 

0 

100 

0 

0 

(0.1,  1.0) 

0.078 

22.0 

76.9 

1.1 

57.1 

42.9 

0 

100 

0 

0 

(0.1,  2.0) 

-0.041 

5.1 

74.4 

20.5 

1.8 

65.6 

32.6 

0 

0 

100 

(0.5,  0.1) 

0.014 

8.3 

86.8 

4.9 

11.0 

85.2 

3.8 

95.5 

4.5 
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Figure  1.  The  results  from  analyzing  the  data  set  derived  from  cell  line  UMSCC22B 
treated  with  SCH66336  and  JrHPR.  Panels  A  and  B  show  the  fitted  dose-response  curves 
for  SCH66336  and  f-HPR,  respectively,  and  the  solid  lines  were  based  on  the  EMAX  model 
■while  the  dashed  lines  were  based  on  logistic  model.  Panel  C  is  the  contour  plot  of  the  pre¬ 
dicted  additive  surface.  Panels  D,  E,  and  F  are  the  plots  of  the  differences  of  the  observed 
and  the  predicted  effects  versus  the  observed  effects,  SCH66336  doses,  and  4-HPR  doses, 
respectively.  Panel  G  is  the  contour  plot  of  the  estimated  f(d\,df)  along  with  the  intersec¬ 
tion  line  of  its  upper  95%  confidence  surface  with  the  dose  plane  shown  in  the  dotted  line. 
Panel  H  shows  the  plot  of  the  residuals  based  on  the  final  semiparametric  model  versus  the 
predicted  effects.  Panel  I  is  the  the  contour  plot  of  the  estimated  response  surface.  Panel  J  is 
the  contour  plot  of  the  raw  data.  Panel  K  shows  the  data  and  the  fitted  Chou  and  Talalay  s 
dose-response  curve  with  the  combination  doses  at  the  fixed  ratio  1:1.  Panel  L  shows  the  plot 
of  the  interaction  indices  versus  the  effects  for  the  combination  doses  at  the  fixed  ratio  1:1, 
along  with  the  95%  confidence  intervals  (vertical  bars)  for  the  interaction  indices  estimated 
at  the  observed  combination  doses  at  the  fixed  ratio  1:1. 
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Figure  2.  The  results  from  analyzing  the  data  set  published  in  Kanzawa  et  al.  (1999). 
Panels  A  and  B  show  the  fitted  dose-response  curves  for  CDDP  and  KRN,  respectively,  and 
the  solid  lines  were  based  on  the  EM  AX  model  while  the  dashed  lines  were  based  on  logistic 
model.  Panel  C  is  the  contour  plot  of  the  predicted  additive  surface.  Panels  D,  E,  and  F  are 
the  plots  of  the  differences  of  the  observed  and  the  predicted  effects  versus  the  observed  effects, 
CDDP  doses,  and  KRN  doses,  respectively.  Panel  G  is  the  contour  plot  of  the  estimated 
f(di,d2)  along  with  the  intersection  lines  of  its  upper  and  lower  95%  confidence  surfaces 
with  the  dose  plane  shown  as  dotted  lines  and  dashed  line,  respectively.  Panel  H  shows  the 
plot  of  the  final  residuals  versus  the  predicted  effects.  Panel  I  is  the  the  contour  plot  of  the 
estimated  response  surface.  Panel  J  is  the  contour  plot  of  the  raw  data.  Panel  K  and  L 
show  the  plot  of  the  interaction  indices  versus  the  effects  for  the  combination  doses  at  the 
fixed  ratio  1:1  and  10:1,  respectively,  along  with  the  interaction  indices  and  their  confidence 
intervals  estimated  at  the  observed  combination  doses  at  each  fixed  ratio. 
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A1 :  Est.  f  with  Lambda=100*Est  A2:  Est.  f  with  Lambda=0.1*Est 


A3:  4HPR  at  1 


Figure  3.  The  results  from  simulation  studies  presented  in  Section  5.  Panels  A1  and 
A 2  show  the  estimated  f{dudo)  from  Example  1  by  varying  the  smoothing  parameter  X  as 
14.77  and  0.01477.  respectively.  Panel  AS  shows  the  plot  of  the  estimated  f(di,d2)  versus 
SCH66336  with  4-HPR  dose  fixed  at  1  under  different  settings  for  A  as  0.1477  (solid  line), 
14.77  (dotted  line),  and  0.01477  (dashed  line),  respectively.  Panel  B  shows  the  contour  plot 
of  the  underlying  function  f{di,d2).  Each  panel  of  Panels  C1-C5  shows  the  underlying  curve 
(solid  lines)  and  the  20  fitted  curves  (dotted  lines). 
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Chemopreventive  Effects  of 
Deguelin,  a  Novel  Akt  Inhibitor, 
on  Tobacco-Induced  Lung 
Tumorigenesis 

Ho- Young  Lee,  Seung-Hyun  Oh, 

Jong  K.  Woo,  Woo-Young  Kim, 
Carolyn  S.  Van  Pelt,  Roger  E.  Price, 
Dianna  Cody,  Jlai  Tran,  John  M. 
Pezzuto.  Robert  M.  Moriarty, 

Waun  Ki  Hong 


Tobacco  carcinogens  induce  Akt  acti¬ 
vation  and  lung  carcinogenesis.  We 
previously  demonstrated  that  degue¬ 
lin,  a  natural  plant  product,  specifi¬ 
cally  inhibits  the  proliferation  of 
premalignant  and  malignant  human 
|  bronchial  epithelial  cells  by  blocking 
Akt  activation.  To  evaluate  the  ability  of 
deguelin  to  block  tobacco  carcinogen- 
induced  lung  tumorigenesis,  we  evalu¬ 
ated  the  in  vivo  effects  of  deguelin  on 
Akt  activation  and  lung  tumorigenesis 
in  transgenic  mice  in  which  Akt  ex¬ 
pression  was  induced  by  tamoxifen 
and  in  4-(methylnitrosoamino)-l-(3- 
pyridyl)-l-butanone  (NNK)/benzo(a) 
pyrene  (BaP)-treated  A/J  mice.  Deg¬ 
uelin  suppressed  Akt  activation  in 
|  vivo,  as  measured  by  immunohisto- 
chemistry  and  immunoblotting,  and 
statistically  significantly  reduced 
NNK/BaP-induced  lung  tumor  multi¬ 
plicity,  volume,  and  load  in  A/J  mice, 
as  monitored  by  microcomputed  to¬ 
mography  image  analysis,  with  no  de¬ 
tectable  toxicity.  These  results  indicate 
that  deguelin  warrants  consideration 
as  a  chemopreventive  agent  for  early- 
stage  lung  carcinogenesis  in  a  clinical 
|  lung  cancer  chemoprevention  trial. 
[J  Natl  Cancer  Inst  2005;97:1695-9] 


In  the  United  States  and  western  Eu¬ 
rope,  lung  cancer  leads  all  other  cancers 
in  both  incidence  and  mortality  rate  (1), 
underscoring  the  need  for  effective  lung 


cancer  chemopreventive  agents.  Because 
tobacco  smoking  confers  the  greatest 
risk  of  developing  lung  cancer  (2),  mol¬ 
ecules  that  target  pathways  involved  in 
tobacco-mediated  lung  carcinogenesis 
could  be  effective  lung  cancer  chemo¬ 
preventive  agents.  The  PI3K/Akt  path¬ 
way  could  be  such  a  target  because  Akt 
is  activated  in  premalignant  and  malig¬ 
nant  human  bronchial  epithelial  cells,  as 
well  as  non-small-cell  lung  cancer  cells, 
through  the  activating  mutation  of  ras, 
overexpression  of  the  epidermal  growth 
factor  receptor  and  subunits  of  PI3K, 
inactivation  of  tumor  suppressor  genes 
such  as  PTEN,  or  exposure  to  tobacco 
carcinogens,  all  of  which  are  frequent 
events  in  lung  cancer  (3-9).  Akt  is  acti¬ 
vated  by  phosphorylation  at  two  key  regu¬ 
latory  sites,  Thr308  and  Ser473  (10).  Akt 
promotes  cell  survival  by  phosphorylat- 
ing  proapoptotic  and  antiapoptotic  pro¬ 
teins,  including  the  Bcl-2  family  member 
BAD,  caspase-9,  cAMP  response  element¬ 
binding  protein,  inhibitor  of  kappaB 
kinase  complex  a,  and  forkhead  tran¬ 
scription  factor- 1  (11-19). 

We  and  others  have  shown  that  phar¬ 
macologic  and  genetic  approaches  tar¬ 
geting  Akt  suppress  the  proliferation  of 
premalignant  and  malignant  human 
bronchial  epithelial  cells  and  reverse 
characteristics  of  transformed  human 
bronchial  epithelial  cells  (20,21),  indi¬ 
cating  that  inhibitors  of  Akt  could  be  ef¬ 
fective  lung  cancer  chemopreventive 
agents.  We  have  previously  found  that 
deguelin,  isolated  from  several  plant 
species,  including  Mundulea  sericea 
( Leguminosae ),  inhibits  the  P13K/Akt 
pathway  and  decreases  the  expression  of 
cyclooxygenase-2,  which  participates  in 
xenobiotic  metabolism,  angiogenesis, 
and  inhibition  of  immune  surveillance 
and  apoptosis  during  tumorigenesis  (22). 
Importantly,  deguelin  induces  apoptosis 
in  premalignant  and  malignant  human 
bronchial  epithelial  cells,  with  minimal 
effects  on  normal  human  bronchial  epi¬ 
thelial  cells  in  vitro  at  dosages  attainable 
in  vivo  (23).  Deguelin  has  been  shown 
to  have  cancer  chemopreventive  activi¬ 
ties  in  the  two-stage  skin  carcinogenesis 
model  (24)  and  in  the  N-nitroso-N- 
methylurea-induced  rat  mammary  carci¬ 
nogenesis  model  (25).  It  also  exhibits 
therapeutic  activities  in  colon  cancer, 
melanoma,  and  lung  cancer  (22,26,27). 
These  findings  led  us  to  hypothesize  that 
deguelin  could  be  an  effective  lung  can¬ 
cer  chemopreventive  agent  by  blocking 


Akt  activation.  In  the  present  study,  we 
attempted  to  test  our  hypothesis  in  Akt- 
inducible  transgenic  mice,  in  which  Akt 
is  activated  by  tamoxifen  (tmaAkt/ 
Z;CAG::Cre)  (28),  and  in  A/J  mice, 
in  which  lung  tumors  are  induced  by 
4-(methylnitrosoamino)- 1  -(3  -pyridyl)- 1  - 
butanone  (NNK)  and  benzo(a)pyrene 
(BaP)  (20,29). 

To  test  the  effects  of  deguelin  on  Akt 
activation  in  tmaAkt/Z;CAG::Cre  mice, 
we  performed  immunohistochemical 
(Fig.  1,  A)  and  immunoblot  (Fig.  1,  B) 
analyses  with  phosphorylated  (p)Akt  (at 
Ser473)  on  lung  tissues  from  tmaAkt/ 
Z;CAG::Cre  mice  treated  with  4  mg/kg 
of  deguelin  for  3  days.  pAkt  staining  was 
homogeneous  in  the  bronchial  epithe¬ 
lium  of  the  control  and  deguelin-treated 
mice;  however,  levels  of  pAkt  in  the  lung 
tissues  of  control  mice  were  higher  than 
in  that  of  deguelin-treated  mice.  Western 
blot  analysis  also  showed  decreased  ex¬ 
pression  of  pAkt  in  the  lungs  of  degue¬ 
lin-treated  mice,  indicating  that  deguelin 
affects  Akt  activation  in  vivo. 

To  evaluate  the  chemopreventive 
effects  of  deguelin  in  the  A/J  mice,  we 
first  evaluated  the  serum  and  tissue  dis¬ 
tribution  of  deguelin  in  A/J  mice.  Fig.  2, 
A,  shows  the  concentration-time  curve 
of  deguelin  in  serum  and  various  organs 
after  oral  gavage  administration  of 
4  mg/kg  deguelin,  the  maximum  toler¬ 
ated  dose  in  rats  (25).  The  total  body 
clearance  of  deguelin  was  0.33  L/kg/ 
hour,  the  apparent  volume  of  distribu¬ 
tion  was  1.86  L/kg,  and  the  half-life 
was  3.98  hours.  One  hour  after  the  treat¬ 
ment,  concentrations  of  deguelin  in 
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f  ig.  1.  Effects  of  deguelin  on  Akt  activation  in  the  transgenic  mice  expressing  tamoxifen-inducible  Akt. 

I  he  mouse  line  expressing  tamoxifen-inducible  Akt  (tmaAkt/Z;CAG::Cre)  was  generated  by  crossing  the 
•‘master”  line  (CAG::loxP::CAT::loxP::tmaAkt::IRESLacZ)  (provided  by  Thomas  N.  Sato,  Weill  Medical 
College  of  Cornell  University,  New  York,  NY)  to  CMViCre  (distributed  by  the  Mouse  Resource  Facil¬ 
ity  at  M.  D.  Anderson  Cancer  Center,  Houston,  TX),  which  led  to  the  expression  of  inactive  (not  phos- 
phorylated)  Akt  by  excising  the  floxed  CAT.  Six-week-old  tmaAkt/Z;CAG::Cre  mice  were  orally  treated 
with  deguelin  (4  mg/kg)  during  feeding  twice  a  day  for  3  days  (five  mice/group)  and  then  were  injected 
mtraperitoneally  with  5  mg  of  tamoxifen  (Sigma,  St.  Louis,  MO).  The  next  day,  the  mice  were  killed  by 
CO  asphyxiation.  Lungs  were  surgically  removed,  and  A)  half  of  each  lung  was  fixed  with  10%  formal¬ 
dehyde,  embedded  in  paraffin,  sectioned  (5-pm  thick),  and  processed  for  immunohistochemical  analysis. 
The  sections  were  deparaffinized,  immersed  in  methanol  containing  0.3%  hydrogen  peroxide  to  block 
endogenous  peroxidase  activity,  and  then  incubated  in  blocking  serum  (Vector  Laboratories,  Burlingame, 
CA)  to  reduce  nonspecific  antibody  binding.  The  sections  were  incubated  overnight  at  4  °C  with  rabbit 
!  polyclonal  anti-Akt  (diluted  1 : 1 00  in  2.5%  blocking  serum)  or  rabbit  polyclonal  anti-phosphorylated  Akt 
(pAkt,  Ser473)  (diluted  1:200)  (Cell  Signaling  Technology,  Beverly,  MA)  and  were  then  processed  using 
I  standard  avidin-biotin  immunohistochemical  techniques  according  to  the  manufacturer’s  recommenda¬ 
tions  (Vector  Laboratories,  Burlingame,  CA).  Diaminobenzidine  was  used  as  a  chromogen,  and  com¬ 
mercial  hematoxylin  was  used  as  a  counterstain.  B)  The  other  half  of  each  lung  was  lysed  in  150  mil 
NaCl,  20  mM  Tris-HCl,  pH  7.5,  1%  Triton  X-100,  1  m M phenylmethylsulfonyl  fluoride,  10  mil EDTA, 

|  0, 1  it iM  vanadate,  and  1  pg/mL  aprotinin  by  mechanical  homogenization.  Equivalent  amounts  of  protein 
were  resolved  on  sodium  dodecyl  sulfate-polyacrylamide  gels  (10%)  and  electrophoretically  transferred 
to  nitrocellulose  membranes.  After  membranes  were  blocked  in  Tris-buffered  saline  (TBS)  containing 
0.05%  Tween-20  (TBST)  and  5%  (w/v)  nonfat  powdered  milk,  they  were  incubated  with  primary  antibod¬ 
ies  against  pAkt  (Ser473)  (1:1000)  and  unphosphorylated  Akt  (1:1000)  (Cell  Signaling  Technology, 
Beverly,  MA)  or  with  a  goat  polyclonal  anti-j3-Actin  (1 :4000)  (Santa  Cruz  Biotechnology,  Inc.,  Santa 
1  cmz,  CA)  in  TBS-5%  nonfat  milk  at  4  °C  for  16  hours.  The  membranes  were  then  washed  three  times 
with  TBST  and  incubated  with  secondary  antibody  for  1  hour  at  room  temperature.  The  goat  anti-rabbit 
immunoglobulin  G  (IgG)  or  bovine  anti-goat  IgG  horseradish  peroxidase-conjugated  complexes  were 
detected  using  the  enhanced  chemiluminescence  kit  (Amersham,  Arlington  Heights,  IL)  according  to  the 
manufacturer’s  recommended  protocol. 


various  organs  ranged  from  less  than 
1  ng/mL  in  the  brain  tissue  to  57 . 1  ng/mL 
in  the  kidneys.  The  peak  concentration 
in  these  organs  occurred  between  1  hour 
i  (lung,  heart,  and  kidney)  and  6  hours 
(liver)  after  administration.  These  stud¬ 


ies  indicate  that  oral  deguelin  adminis¬ 
tration  can  achieve  effective  absorption 
and  distribution  in  several  organs,  in¬ 
cluding  the  lung. 

We  next  tested  the  chemopreventive 
effects  of  deguelin  in  the  A/J  mice,  in 


which  lung  carcinogenesis  was  induced 
by  NNK  and  BaP,  as  previously  de¬ 
scribed  (30).  Cancer  chemopreventive 
agents  are  classified  as  either  blocking 
or  suppressing  agents  (31).  Blocking 
agents,  which  prevent  the  metabolic 
activation  of  carcinogens  and  reduce 
DNA  damage,  are  tested  by  administer¬ 
ing  them  before  or  simultaneously  with 
the  carcinogen.  Suppressing  agents, 
which  inhibit  the  neoplastic  progression 
of  premalignant  cells,  are  usually  tested 
by  administering  them  after  the  carcino¬ 
gen  (32).  Hence,  deguelin  (4  mg/kg  twice 
a  day)  was  administered  either  1  week 
after  the  first  dose  of  NNK/BaP  (entire 
period,  group  3)  or  after  completion  of 
carcinogen  administration  (postcarcino¬ 
gen,  group  4)  (Fig.  2,  B).  A/J  mice  un¬ 
treated  (group  1)  or  treated  with  NNK 
plus  BaP  (group  2)  received  only  the  ve¬ 
hicle  (com  oil)  during  this  period.  Six¬ 
teen  and/or  20  weeks  after  the  first  dose 
of  NNK  and  BaP,  representative  A/J 
mice  from  groups  1,  2,  and  3  were  ana¬ 
lyzed  by  microcomputed  tomography  to 
monitor  changes  in  the  number  and  size 
of  lung  tumor  nodules.  The  lung  struc¬ 
ture  in  a  control  mouse  (Fig.  2,  C,  1)  and 
tumor  nodules  (Fig.  2,  C,  2)  less  than 
1  mm  in  diameter  in  a  NNK/BaP -treated 
mouse  (10)  were  easily  detected  and 
were  consistent  with  the  block-faced 
image  (Fig.  2,  C,  3)  at  16  weeks.  A  sec¬ 
ond  NNK/BaP-treated  mouse  (33)  had 
two  tumor  nodules  (0.4  mm  and  0.55 
mm)  at  16  weeks  (Fig.  2,  C,  4)  that  be¬ 
came  larger  (0.4  mm  to  0.6  mm  and  0.55 
mm  to  1  mm)  at  20  weeks  (Fig.  2,  C,  5), 
when  a  new  tumor  nodule  (0.8  mm)  was 
observed.  In  contrast,  a  tumor  nodule 
(1.1  mm)  detected  at  1 6  weeks  (Fig.  2,  C, 
6)  in  the  deguelin-treated  mouse  was  not 
detectable  at  20  weeks  (Fig.  2,  C,  7).  All 
mice  were  killed  at  20  weeks.  Gross 
evaluation  revealed  no  tumors  in  the 
lungs  of  control  mice  (group  1 )  and  100% 
lung  tumor  formation  in  NNK/BaP- 
treated  mice  (group  2)  (Supplementary 
Fig.  1  and  Supplementary  Table  1  avail¬ 
able  at  http://jncicancerspectrum.oxford 
joumals.org/jnci/content/vol97/issue22). 
Deguelin-treated  mice  had  fewer  lung 
tumors  (Supplementary  Fig.  1  and  Sup¬ 
plementary  Table  1  available  at  http:// 
j  n  c  i  cancersp  e  c  tram .  oxfordj  oumal  s .  org/ 
jnci/content/vol97/issue22);  mice  in  groups 
3  and  4  had  fewer  lung  tumor  nodules 
than  NNK/BaP-treated  mice  in  group  2 
(mean  =  4.57  versus  mean  =  11.0,  differ¬ 
ence  =  6.43,  95%  confidence  intervals 
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NNK/BaP  +  Deguelin  NNK/BaP  (#2)  Control  O  Dogoclin  concentration  (ng/ml) 


A 


B 


Fig.  2.  E  valuation  of  the  chemopreventive  effects  of  deguelin  in  the  A/J  mice. 
A)  Six-week-old  A/J  mice  were  given  4  mg/kg  deguelin  orally.  The  serum  and 
indicated  organ  samples  were  collected  at  0  (baseline),  1  (purple),  2  (turquoise), 
4  (blue),  6  (green),  12  (brown),  or  24  (orange)  hours  after  deguelin  administra¬ 
tion.  Blood  samples  were  immediately  placed  on  ice  and  centrifuged  at  2000g 
at  4  °C  for  15  minutes,  and  the  serum  was  stored  at  -70  °C  until  analysis.  The 
mice  were  killed  prior  to  organ  sample  collection.  Each  organ  sample  was  sus¬ 
pended  in  acetonitrile,  sonicated,  and  then  centrifuged  at  1500g  for  3  minutes 
at  4  °C.  The  liquid-tissue  extraction  process  was  repeated  three  times,  and  each 
time,  1 00  pL  of  supernatant  was  collected.  To  the  final  300-p.L  sample,  2700  pL 
of  0.1  M  ammonium  acetate,  pH  5.5,  was  added.  Deguelin  was  isolated  from 
both  serum  and  organ  (liquid-extracted)  samples  by  solid-phase  chromatogra¬ 
phy  (tC  1 8  solid-phase  extraction  [SPE]  cartridge,  100  mg,  Waters  Corp,  Mill- 
ford,  MA).  After  the  SPE  cartridge  was  conditioned  with  2  mL  of  methanol  and 
2  mL  of  high-performance  liquid  chromatography-grade  water,  either  100  pL 
of  scrum  or  3  mL  (a  volume  of  1  mL  pulled  through  the  column  each  time)  of 
liquid-extracted  sample  was  placed  into  the  SPE  cartridge.  Deguelin  was  eluted 
with  1  mL  of  methanol,  dried,  and  then  reconstituted  with  a  100-pL  mixture  of 
methanol  and  0.1%  formic  acid  (50:50,  v/v).  Thirty  microliters  of  the  reconsti¬ 
tuted  sample  was  then  injected  onto  a  high-performance  liquid  chromatography 
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mass  spectrometer  (LC/MS-ES+,  MicroMass,  Beverly,  MA).  Standard  cali¬ 
bration  curves  for  deguelin  ranged  from  5  to  1000  ng/mL.  The  lower  limit  of 
quantitation  was  0.01  ng/mL.  Pharmacokinetic  modeling  was  completed  using 
a  noncompartment  method  (WinNonlin  version  3.1,  Pharsight  Corporation, 
Mountain  View,  CA).  The  results  are  expressed  as  means  and  95%  confidence 
intervals  (CIs),  four  mice/group.  B-E)  Six-week-old  male  A/J  mice  (Jackson 
Laboratories,  Bar  Harbor,  ME)  were  randomized  into  three  groups  of  12-14 
mice  (groups  2-A).  We  included  five  untreated  A/J  mice  (group  1)  as  a  negative 
control.  Except  for  group  1 ,  all  mice  were  treated  with  4-(methylnitrosoamino)- 
1  -(3-pyridyi)- 1  -butanone  (NNK)/benzo(a)pyrene  (BaP)  (3  pmol  each  in  0.1  mL 
cottonseed  oil)  once  per  week  for  8  weeks  by  oral  gavage.  Vehicle  (groups  1 
and  2)  or  deguelin  (groups  3  and  4)  was  administered  by  oral  gavage  (4  mg/kg 
twice  a  day)  beginning  1  week  after  the  first  dose  of  NNK/BaP  (entire  period) 
(group  3)  or  after  the  last  dose  of  NNK/BaP  treatment  (postcarcinogen)  (group 
4)  until  the  end  of  the  experiment.  The  experimental  design  is  summarized  in 
(B).  During  the  experiments,  drinking  water  was  available  ad  libitum,  and  the 
body  weights  of  the  mice  were  measured  at  0,  8,  and  20  weeks.  Arrows  indicate 
the  time  points  at  which  microcomputed  tomography  (CT)  image  analysis  was 
performed.  C)  Registered  axial  respiratory-gated  micro-CT  image  and  block¬ 
faced  image  analyses  were  performed  in  one  of  the  A/J  mice  at  1 6  and  20  weeks 
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[Cls]  on  the  difference  =  3.25  to  9.60, 

P  =  <.001  for  group  3;  mean  =  7.60 
versus  mean  =  11.0,  difference  =  3.4, 
95%  Cls  on  the  difference  =  -0.39  to 
7.19,  P  =  .085,  Fig.  2,  D).  Microscopic 
evaluation  of  the  lungs  revealed  a  statis¬ 
tically  significant  decrease  in  tumor 
multiplicity,  the  number  of  tumors  in¬ 
side  the  lung  (group  3:  59.4%;  mean  = 
1.70  tumors/slide,  difference  =  2.48, 
95%  Cls  on  the  difference  =  0.97  to  4.0, 

P  =  .007;  and  group  4:  48.8%;  mean  = 
2.14  tumors/slide,  difference  =  2.04, 
95%  Cls  on  the  difference  =  0.52  to 
3.56.  P-  .046),  volume  (group  3:  76.1%; 
mean  =  0.016  mm3,  difference  =  0.051, 
95%  Cls  on  the  difference  =  0.021  to 
0.082,  P  =  .007;  and  group  4:  83.58%; 
mean  =  0.011  mm3,  difference  =  0.056, 
95%  Cls  on  the  difference  =  0.019  to 
0.093,  P  =  .012),  and  load  (group  3: 
89.3%;  mean  =  0.032  mm3,  difference  = 
0.27,  95%  Cls  on  the  difference  =  0.051 
to  0.48,  P  =  .009;  and  group  4;  92.3%; 
mean  =  0.023  mm3,  difference  =  0.27, 
95%  Cls  on  the  difference  =  0.06  to 
0.49,  P  ^  .006)  in  the  deguelin-treated 
mice  compared  with  the  NNK/BaP- 
treated  mice  in  group  2  (tumor  multi- 
'  plicity,  mean  =  4.182  tumors/slide; 

volume,  mean  =  0.067  mm3;  load,  mean  = 
i  0.298  mm3).  Mice  in  groups  3  and  4 
showed  a  statistically  non-significant 
decrease  in  body  weight  compared  with 
mice  in  groups  1  and  2. 

Immunohistochemical  analysis  re¬ 
vealed  stronger  cytoplasmic  and  nuclear 
pAkt  staining  in  airway  epithelial  cells 
(.Fig.  2.  E,  2)  in  mice  in  group  2  com¬ 
pared  with  those  in  group  1  (Fig.  2,  E,  1) 
and  group  3  (Fig.  2,  E,  3).  The  tumors  in 
group  2  (Fig.  2,  E,  4)  also  showed  stron¬ 
ger  pAkt  staining  compared  with  those 
in  group  3  (Fig.  2,  E,  5). 


In  spite  of  its  potential  as  a  cancer 
chemopreventive/therapeutic  agent,  there 
is  concern  about  possible  side  effects  of 
deguelin  treatment.  Deguelin  is  derived 
from  rotenone,  which  can  inhibit  NADFI: 
ubiquinone  oxidoreductase,  an  enzyme 
complex  involved  in  mitochondrial  oxi¬ 
dative  phosphorylation  (34),  and  induce 
cardiotoxicity,  respiratory  depression,  and 
nerve  conduction  blockade  at  high  doses 
(a  dose  that  is  lethal  to  50%  of  those  ex¬ 
posed  =  10-100  g  in  humans).  However, 
we  did  not  observe  major  toxicity  or 
substantial  loss  of  body  weight  in  the 
deguelin-treated  A/J  mice  at  the  dose  used 
in  this  study.  Deguelin  is  also  safer  in 
terms  of  its  mechanism  of  action,  which 
differs  from  that  of  rotenone,  which  in¬ 
hibits  tubulin  polymerization.  Addition¬ 
ally,  deguelin  rapidly  decomposes  in  light 
and  air.  All  of  these  results  suggest  that 
deguelin  would  be  harmless  when  orally 
administered.  Moreover,  in  contrast  to 
some  natural  products  presently  used  in 
cancer  chemoprevention  and  therapy, 
deguelin  could  be  easily  synthesized  us¬ 
ing  commercially  available  rotenone  as  a 
starting  material;  therefore,  its  clinical  use 
as  a  lung  cancer  chemopreventive  agent  is 
feasible.  These  collective  findings  pro¬ 
vide  a  strong  rationale  for  testing  deguelin 
in  a  phase  I  clinical  trial  of  lung  cancer 
chemoprevention  after  its  complete  toxic¬ 
ity  profile  in  humans  is  known. 
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using  a  model  RS-9  tabletop  CT  scanner  (General  Electric  Medical  Systems, 
London,  Ontario)  as  previously  described  (35,36).  The  technique  used  was 
SO  kVp  and  450  pA,  with  720  views  obtained  at  0.5-degree  increments  at 
400  msec  per  view.  The  radiation  dose  delivered  during  this  scan  was  ap¬ 
proximately  0.26  Gy.  Labview  software  (National  Instruments,  Austin,  TX) 
provided  an  interface  for  selecting  the  mouse  respiratory  parameters.  The 
Feldkamp  reconstruction  method  was  used  to  normalize  the  raw  images  and  to 
correct  for  nonuniformities  in  the  detector  (35).  Images  were  formed  with  isotropic 
91 -mm  voxels.  NNK/BaP-treated  mice  sections  (10)  were  fast-frozen  immediate¬ 
ly  after  their  micro-CT  scan  session  to  confirm  their  position  in  the  images  relative 
to  block-faced  pathologic  sections.  A  representative  micro-CT  (1, 2, 4-7)  or  block- 
faced  (3)  image  analysis  of  the  lungs  from  a  control  mouse  (1)  or  mice  treated  with 
NNK/BaP  alone  (2-5)  or  with  NNK/BaP  plus  deguelin  (group  3)  at  1 6  (4, 6)  and 
20  (5, 7)  weeks  is  shown.  1  =  lung;  e  =  esophagus;  v  =  thoracic  vertebra;  L  =  liver, 
s  =  spinal  cord.  D)  Postmortem  examinations  were  performed  on  the  lungs  of 
the  A/J  mice  after  mice  were  killed  at  20  weeks.  The  lung  tissues  were  fixed  in 
Bourn’s  solution,  and  the  gross  tumor  nodules  (lung  tumors/slide)  were  counted. 
Microscopic  evaluation  of  lung  tissues  was  also  performed  to  measure  mean  tumor 
number  (N),  volume  (V),  and  total  tumor  load  (N  x  V)  in  a  blinded  fashion.  The 


tumor  volume  was  calculated  by  the  formula  of  V  (mm)  (long  diameter  x  short 
diameter2)/2.  The  number  and  size  of  tumors  in  five  sections  distributed  uniformly 
through  each  lung  were  calculated.  Body  weight  of  the  mice  was  measured  at 
0  (baseline),  8 ,  and  20  weeks  (wks).  Effects  of  deguelin  on  lung  tumorigenesis  were 
expressed  by  means  and  95%  Cls  of  tumor  nodules/mouse,  tumor  nodules/slide 
(multiplicity),  volume,  and  load  from  12  (group  2)  or  14  (groups  3  and  4)  sam¬ 
ples.  The  data  were  analyzed  in  comparision  with  that  from  the  mice  treated  with 
NNK/BaP  (group  2).  We  set  values  from  group  2  at  100%  and  then  calculated  the 
others  as  a  percentage  ofthat.  Differences  between  groups  were  compared  using  the 
t  test  or  Mann- Whitney  statistical  test.  Differences  were  considered  statistically 
significant  if  A*  <  .05.  Histopathologic  evidence  of  pulmonary  toxicity,  i.e.,  edema 
or  inflammation  of  the  bronchial  epithelium  and  alveoli  and  inflammation  and 
injury  in  other  organs  were  evaluated  by  a  veterinary  pathologist.  These  animal 
studies  were  approved  by  M.  D.  Anderson  Cancer  Center  s  Institutional  Animal 
Care  and  Use  Committee.  E)  After  the  evaluation  of  tumor  nodules,  lung  tissues 
were  surgically  removed  and  paraffin  embedded.  Bronchial  epithelium  (1,  2,  3) 
and  lung  adenoma  (4, 5)  lesions  in  the  A/J  mice  that  were  untreated  (1)  or  treated 
with  NNK/BaP  alone  (2, 4)  or  NNK/BaP  plus  deguelin  (3,  5)  were  processed  for 
immunohistochemical  analysis  with  anti-pAkt  (Ser473)  as  described  in  Fig.  1 . 
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1.  Introduction 


Studying  the  combined  effects  of  multiple  treatments  has  been  of  long-standing  interest  to  basic  scientists, 
clinicians,  and  statisticians  with  a  goal  of  developing  better  treatment  regiments  by  increasing  efficacy  while 
reducing  toxicity.  Many  such  successful  studies  can  be  found  in  the  literature  including,  for  example,  a  study  of 
the  cocktail  approach  to  control  AIDS  with  nucleoside  reverse  transcriptase  inhibitors,  non-nucleoside  reverse 
transcriptase  inhibitors,  and  protease  inhibitors  [1];  studies  of  platinum-based  doublets  that  include  a  taxane, 
vinorelbine,  or  gemcitabine  [2]  or  the  use  of  chemoradiation  therapy  [3]  for  non-small-cell  lung  cancer.  Recent 
advancements  in  molecular  target-based  treatments  for  cancer  has  rekindled  an  interest  in  studying  combi¬ 
nations  of  targeted  agents  and  chemotherapy,  or  combinations  of  different  classes  of  targeted  agents  [4].  In 
addition,  examining  the  adverse  effect  following  the  simultaneous  administration  of  multiple  drugs  is  important 
in  toxicology  studies  to  ensure  that  combination  therapy  can  be  given  safely. 

To  examine  the  efficacy  and  toxicity  of  a  combination  therapy,  the  dispositional  data  from  in  vitro  and 
■in  vivo  assays  is  useful  for  screening  out  those  regimens  that  should  not  be  placed  into  more  expensive  and 
labor-intensive  animal  experiments  or  brought  to  a  clinical  trial  while  bringing  in  promising  ones  for  further 
development.  Although  it  is  generally  recognized  that  in  vitro  data  cannot  directly  be  extrapolated  to  in  vivo  or 
clinic  settings,  there  are  many  successful  examples  in  which  the  in  vitro  data  predict  the  in  vivo  drug  interactions 
[5].  Failure  of  accurate  predictions  may  be  caused  by  the  methodology  used,  inappropriate  model  selection,  and 
errant  scale-up  factors,  etc.  In  this  paper,  we  intend  to  examine  the  current  use  of  response  surface  models 
on  drug  interactions  in  pre-clinical  assays,  outline  their  advantages  and  disadvantages,  and  give  a  practical 
guidance  and  a  future  research  direction.  Review  and  discussions  are  provided  for  models  pertinent  to  both  in 
vitro  and  iv  vivo  studies. 

A  drug-induced  effect  may  be  expressed  on  a  continuous  scale  or  on  a  binary  scale  [6].  For  example,  in  cell 
line  study,  percent  cell  survival  or  percent  cell  killed  is  commonly  applied  to  measure  the  drug  effect.  In  animal 
study,  when  a  binary  response  status  is  recorded,  the  response  rate,  i.e.,  the  number  of  responses  to  the  total 
number  assigned  to  a  dose,  can  be  constructed  as  a  measurement  of  treatment  effect  [7,  8,  9].  To  characterize 
drug  interaction,  we  first  need  to  define  an  appropriate  reference  model  for  additive  effects  of  drug  combinations. 
When  the  effects  of  drugs  in  combination  are  greater  (less)  than  that  predicted  by  the  additivity  model,  the 
effect  is  synergistic  (antagonistic).  Historically,  three  additivity  reference  models:  1)  effect  addition,  2)  Bliss 
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independence,  and  3)  Loewe  additivity,  are  commonly  used  [10,  11,  12].  There  is  a  debate  over  which  is  the  best 
reference  model  for  defining  interaction.  The  effect  addition  model  [12,  13]  E(d\,d,2)  =  E(di)  +E(d.2 )  has  been 
used  as  a  reference  model,  where  E(di,d,2)  is  the  effect  at  (di,d,2),  and  E(di)  is  the  effect  of  drug  i  alone  at 
dose  dj  with  i  =  1,2.  However,  this  model  is  not  correct  in  general.  For  example,  when  E(di)  =  E(d2)  =  70%, 
clearly  E(d\,d2)  can  not  be  140%  when  the  effect  measure  is  percentage  killed. 

Rliss  independence  has  some  mechanistic  and  probabilistic  support  [7,  12,  14].  The  Bliss  independence 
model  for  percentage  survival  is  E(di,da)  =  E(di)E(d2)  or  for  percentage  killed,  E(di,d2)  =  E(d\)  +  E{d2)  — 
E(di  )E(d2  )■  Observed  effects  less  than  predicted  by  the  model  are  synergistic,  and  conversely,  antagonistic. 

The  Loewe  additivity  model  [15]  is: 


di  d2 

Ac,  i  -A, 2 


=  1, 


(1) 


where  d\,  da  are  doses  of  drug  1  and  drug  2  in  the  mixture  that  elicit  an  effect  x,  and  Dx>i  ,  A, 2  are  the  doses 
of  the  drugs  that  result  in  the  effect  x  for  each  respective  drug  given  alone.  When  the  Loewe  additivity  model 
(1)  holds,  the  combination  dose  (di,da)  is  considered  additive.  The  left  hand  side  in  equation  (1)  is  also  called 
t  he  interaction  index,  and  when 


di  da 

A,i  Ac, 2 


<  1, 


(2) 


we  say  that  the  combination  dose  (di,da)  is  synergistic,  whereas  when 


*  +  A>i, 


(3) 


A,1  Ac, 2 

we  say  the  combination  dose  (di,da)  is  antagonistic.  Note  that  the  mode  and  magnitude  of  drug  interactions 
depend  on  the  choices  of  the  measurement  of  drug  effect,  doses  of  drugs,  and  their  scales.  In  general,  the  results 
are  not  scale  invariant.  Thus,  proper  choices  of  the  measurements  and  their  scales  are  essential  for  a  meaningful 
assessment,  of  drug  interactions.  From  (1)  the  Loewe  additivity  is  invariant  under  the  simple  multiplicative 
transformation  of  each  dose,  but  is  not  invariant  under  other  transformations,  such  as  the  logarithmic  transfor¬ 
mation.  In  addition,  the  Loewe  additivity  is  invariant  under  any  monotone  transformation  for  effect  as  long  as 
the  same  transformation  applied  to  all  measurements  of  the  drug  effects. 

We  describe  a  thought  experiment  against  Bliss  independence  as  a  general  reference  model  for  no  interaction. 
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Consider  a  simple  function  E 


describing  the  effect  of  a  single  drug  on  percentage  survival.  Here  the 


1  +  d2 

median  effect  dose  d  —  Ao  —  1  elicits  50%  effect.  When  d  =  0.5  the  predicted  effect  for  the  drug  is  0.8.  Suppose 
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the  drug  is  given  in  combination  with  itself  at  d\  =  di  —  0.5  in  a  sham  experiment  [10,  11].  By  definition,  the 
effects  of  same  drug  given  with  itself  are  additive.  Under  Bliss  independence,  the  expected  effect  for  the  sham 
experiment  is  E(d\)E(di)  =  0.82  =  0.64.  But  in  fact  at  d  =  d\  +  cfe  =  1,  the  dose  yields  a  50%  survival  given 
the  above  model.  Therefore  Bliss  independence  infers  synergy  for  a  fundamentally  additive  scenario.  Contrarily, 
with  50%  survival  at  the  combination  d\  —  dn,  —  0.5  and  at  the  respective  dose  D 50,1  =  £>50,2  =  1,  equation  (1) 
holds  and  the  Loewe  additivity  model  predicts  the  additivity  correctly.  Bliss  independence  is  also  extensively 
criticized  for  its  dependence  on  mechanistic  considerations  which  may  only  apply  in  simple  systems.  Since 
the  state  of  knowledge  about  the  mechanisms  may  change,  the  formulation  and  the  expected  value  for  a  given 
experiment  may  change  accordingly.  Consequently,  the  same  data  could  be  considered  synergism  in  one  setting 
but  antagonism  at  another  [10,  12].  On  the  other  hand,  the  Loewe  additivity  model  depends  only  on  observed 
data  and  is  ‘‘mechanism  free”.  We  agree  with  the  prevailing  view  in  the  literature  that  the  Loewe  additivity 
model  stands  alone  as  a  general  and  valid  reference  model  for  studying  drug  interactions  [10,  11,  12,  16,  17]. 

Berenbaum  [11]  extended  the  Loewe  additivity  model  (1)  to  the  general  case  with  n  drugs  present  together, 


d\ 

Dx,l 


+ 


D-x,n 


=  1. 


(4) 


Again  here  di, . . . ,  dn  are  doses  of  each  drug  in  the  mixture  of  the  n  drugs  that  yield  an  effect  x,  and  Dx<  1  ,  . . 
D-x  -n  are  the  doses  of  drugs  that  result  in  the  effect  x  for  each  respective  drug  given  alone.  When  the  left  hand 
side  of  equation  (4)  is  less  than  1,  equal  to  1,  or  greater  than  1,  this  combination  (di,...,d„)  is  synergistic, 
additive,  or  antagonistic,  respectively. 

In  this  paper  we  focus  on  the  response  surface  approach  since  response  surface  represents  a  natural  and 
effective  mean  of  using  all  data,  with  single  agents  and  combinations,  to  model  the  relationship  between  observed 
outcomes  and  dose  levels.  Greco  et  al.  [12]  provided  an  extensive  and  excellent  review  on  this  subject.  We 
focus  on  the  parametric  response  surface  methodology  based  on  the  Loewe  additivity  model  (1)  and  extend  the 
review  to  include  some  other  commonly  used  methods,  such  as  the  one  proposed  by  Machado  and  Robinson  [18] 
and  the  one  by  Plummer  and  Short  [19].  Since  the  median-effect  method  proposed  by  Chou  and  Talalay  [20,  21] 
is  the  most  influential  method  for  assessing  drug  interactions  [12],  we  include  this  method  to  compare  with  the 
other  response  surface  approaches  proposed  by  Greco  et  al.  [22],  Machado  and  Robinson  [18],  Plummer  and 
Short  [19],  and  Carter  et  al.  [23].  In  Section  2  we  give  different  dose-effect  models  for  a  single  drug.  In  Section 
3  we  expound  on  the  meaning  of  the  interaction  index  from  the  pharmacological  point  of  view  and  from  the 
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geometric  point  of  view.  In  Section  4  we  review  the  approach  by  Chou  et  al.  [20,  21]  and  four  other  response 
surface  approaches  [22,  18,  19,  23]  based  on  the  Loewe  additivity  model  (1)  and  the  dose-effect  models  (5)  to 
(7).  t,o  be  described  later.  Those  approaches  can  be  used  both  in  vitro  and  in  vivo  studies  [6,  7,  12].  We  give 
an  example  of  the  combination  of  two  agents  to  elicit  cell  death  in  a  cancer  cell  line  study  in  Section  5.  The 
results  of  ana lyses  from  these  methods  axe  given  in  Section  6  to  illustrate  the  properties  of  various  methods. 
In  addition,  we  supply  S-PLUS/R  code  to  provide  investigators  useful  tools  in  studying  drug  interactions.  In 
Section  7.  we  discuss  our  findings  and  make  suggestions  on  future  research  areas. 

2.  Statistical  Modeling  of  a  Single  Drug 


Before  discussing  the  interaction  of  two  drugs,  a  brief  description  of  the  analysis  of  a  single  drug  is  appro¬ 
priate.  Although  historically  a  probit  model  [8]  has  been  used,  the  empirical  model 


(Econ-B)(--r 

E= - - j — +B 

i  +  (^-r 

U  m 


(5) 


and  its  other  forms  such  as  (6)  and  (7)  are  shown  to  be  more  general  and  are  extensively  used  [12,  20,  21,  22], 
Here  d  is  the  dose  of  drug,  Econ  is  the  control  effect  (i.e.  the  effect  when  no  drug  is  applied),  B  is  the  background 
effect,  observed  at  the  infinite  drug  concentration  with  Econ  >  B,  Dm  is  the  median  effective  dose  of  a  drug, 
and  m  is  a  slope  parameter.  In  an  opposite  setting  when  Econ  <  B.  one  may  reverse  the  roles  of  Econ  and  B  in 
equation  (5).  When  m  is  negative,  the  curve  described  by  equation  (5)  falls  with  increasing  drug  concentration; 
when  m.  positive,  the  curve  rises  with  increasing  drug  concentration. 

When  B  is  zero,  then  Econ  is  equivalent  to  Emax ,  which  is  the  full  range  of  responses  that  can  be  elicited 
by  the  drug,  and  model  (5)  becomes  the  so-called  EMAX  model  [24]: 


E  = 


TT.  (  U 
I-Jmax\  p  ) 
_ ±jrn 

i  +  (4-r 

m 


(6) 


When  Emax  =  1,  model  (6)  becomes  the  median  effect  equation 


E  = 


(— r 

v  T) 


i-J  rn. 


(7) 


derived  by  Chou  and  Talalay  based  on  mechanistic  considerations  that  have  physiochemical  and  biochemical 
validity  in  simple  systems  [20]. 
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Notice  that  (7)  can  be  rewritten  as 


(8) 


E 

1  -E 

and  taking  the  logarithm  of  both  sides,  we  have 


E 

log - —  =  m(log  d  —  log  D  m)  •  (9) 

1  —  JOj 

A  high  correlation  coefficient  value  (r  >  0.9),  well  behaved  residual  diagnostics  such  as  residuals  are  randomly 
scattered  around  0  without  outliers  and  with  small  variation,  and  the  linearity  of  the  plot  of  log  jyrg  with  respect 
to  log  d  altogether  provide  a  way  to  check  whether  the  data  follows  the  median  effect  equation.  If  so,  the  median 
effect  plot  provides  a  general  and  simple  method  for  determining  the  pharmacological  median  effective  dose  Dm 
and  the  slope  m.  Here  m  is  a  Hill-type  coefficient  typically  used  to  describe  the  sigmoidicity  of  the  dose-effect 
curve,  and  m  =  1  corresponds  to  hyperbolic  systems  [20]. 

Note  that  although  no  stochastic  error  terms  are  explicitly  given  in  the  above  models,  they  are  implicitly 
specified.  For  example,  when  the  effect  E  is  measured  on  a  continuous  scale,  e.g.  percent  cell  survival,  model  (7) 
assume  that  the  error  is  linear  in  E  while  model  (9)  assume  that  the  error  is  linear  in  log  .  The  parameters 
then  can  be  solved  by  the  least  squares  method  or  by  the  maximum  likelihood  method  with  additional  assumption 
on  the  error  distribution.  When  the  effect  E  is  measured  as  the  response  rate  with  responses  from  a  binomial 
distribution,  model  (9)  conforms  to  the  standard  logistic  regression  setting  and  the  parameters  can  be  estimated 
from  the  standard  maximum  likelihood  method. 


3.  Interaction  Index,  Isoboles  and  the  Terminology  for  Drug  Interactions 

Suppose  that  the  combination  (di,d2)  elicits  the  same  effect  x  as  drug  1  alone  at  dose  level  DXz i,  and  drug  2 
alone  at  dose  Dx  2,  then  +  rt2-,  the  interaction  index  at  dose  (di ,  d2),  is  used  to  measure  additivity,  synergy, 
or  antagonism  according  to  the  relations  (1),  (2),  and  (3),  respectively.  Given  the  dose-effect  curve  for  each 
single  drug,  the  interaction  index  is  determined  by  the  combination  dose  (di,d2)  and  its  corresponding  effect  x. 
For  example,  if  the  effect  at  the  combination  dose  (di,d2)  is  x,  and  the  dose-effect  curve  is  /i(-Di)  for  drug  1, 
and  f2(D2)  for  drug  2,  then  Dx>1  =  /f1)*),  and  Dx, 2  -  /2_1(: x ),  where  fr1  (1  =  1,2)  is  the  inverse  function  of 
/,.  Thus  we  can  estimate  the  value  of  the  interaction  index  without  specifying  a  joint  model,  f(d\ ,  d2),  for  the 
combination  effect  of  di  and  d2- 
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Geometrically,  the  drug  interaction  can  be  illustrated  by  constructing  an  isobole.  An  isobole  corresponding 
to  an  effect  x  consists  of  all  the  combination  doses  (di,d2)  that  elicit  the  effect  x.  When  the  two  drugs  act 
additively,  the  isobole  will  be  a  straight  line  PQ  (Figure  1),  where  P  is  the  point  (Di.ijO),  and  Q  is  the  point 
(0.  DX)2).  In  this  case  each  of  the  combinations  of  (di ,  d2)  on  the  line  PQ  satisfies  equation  (1).  When  the  two 
drugs  act  synergistically,  the  isobole  will  be  a  concave  up  curve[10]  similar  to  the  solid  curve  PNQ  and  each 
of  the  combinations  (di,d2)  on  this  curve  will  satisfy  equation  (2);  that  is,  the  interaction  index  will  be  less 
than  1  for  each  combination  of  (di:d2)  on  the  curve,  except  at  P  and  Q.  The  interaction  index  for  different 
combinations  may  be  different.  For  example,  the  interaction  index  will  be  less  than  but  close  to  1  when  the 
combination  is  close  to  points  P  and  Q,  and  the  interaction  index  possibly  has  a  minimum  at  point  N.  Similarly, 
when  the  two  drugs  act  antagonistically,  the  isobole  will  be  a  concave  down  curve  [10]  like  the  solid  curve  PTQ, 
and  each  combination  of  ( di,d2 )  on  the  curve  PTQ  will  satisfy  equation  (3),  except  at  the  points  P  and  Q. 

Suppose  that  the  combination  dose  {d\ ,  d2)  is  synergistic  with  an  effect  x,  and  drug  1  alone  at  dose  -Dz,i 
and  drug  2  alone  at  dose  Dx^  give  the  respective  effect  x.  Then  (di,d2),  denoted  as  N’  in  Figure  2,  must  lie 
beneath  the  straight  line  PQ  and  satisfy  the  following  equation 


d\  d-2 

Dx,i  Dx,  2 


(10) 


with  7  <  1. 


What  does  the  interaction  index  7  mean?  We  provide  several  interpretations  in  the  following  derivation. 


The  synergy  equation  (10)  can  be  rewritten  as 


d\  —  d2 
7 


=  Dt- 


(11) 


Suppose  p(x)  =  75^-,  the  relative  potency  [9]  is  a  constant  p  at  any  level  of  effect,  then 

di±dtP  =  Dxi  (12) 

7 

That,  is,  the  combination  (di,d2)  acts  just  like  drug  1  alone  with  dose  dl  +  dl2P .  The  numerator  represents 
the  equivalent  amount  of  drug  1  given  in  combination  assuming  the  additive  drug  effect  after  converting  the 
dose  of  drug  2  to  a  comparable  dose  of  drug  1  based  on  the  relative  potency.  The  denominator  7,  namely  the 
interaction  index,  is  a  scaler  reflecting  the  mode  and  magnitude  of  drug  interaction  in  reference  to  the  additive 

effect. 
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We  can  explore  7  in  another  point  of  view.  If  two  drugs  work  additively,  then  there  exists  a  level  of  effect 
y  that  is  less  effective  than  x  such  that  — - — h  — —  =  1-  Here  drug  1  alone  at  dose  Dy<i  and  drug  2  alone  at 
dose  Dya  elicit  the  effect  y,  and  Dy,i  and  Dya  can  be  represented  by  the  length  of  OR  and  OS  in  Figure  2, 
respectively.  Then,  we  will  have  d\  +  ^2^77  —  Dy,i,  he.  d\  +  d2p  =  DVti-  In  other  words,  the  combination 
(dudz)  acts  like  drug  1  alone  at.  dose  di  +  pd2  under  the  assumption  that  the  combination  dose  (di,da)  is 
additive.  Thus,  it  follows  that  [25] 


Dx  1  = 


D 


yA 


D- 


i.e., 


vA 


DT 


(13) 


From  (13),  7  could  be  viewed  as  the  ratio  of  the  equally  effective  dose  of  drug  1  under  the  assumption  of 
additivity  to  the  equally  effective  dose  of  drug  1  under  the  assumption  of  synergism.  The  more  synergistic  the 
combination  dose  (di,d2)  is,  the  smaller  is  7.  Hence,  The  interaction  index  is  therefore  a  quantitative  measure 
capturing  the  mode  and  magnitude  of  drug  interactions  [261. 

If  the  relative  potency  p(x)  varies  at  different  levels  of  effect  x,  the  relation  in  (13)  does  not  hold,  but  the 


relation  between  Dx,  1  and  7  can  then  be  expressed  as 


di  +  d2p{x)  =  7-Di,i- 

Whether  the  relative  potency  p(x)  is  constant  or  varies,  if  we  rescale  the  isobole  by  dividing  d\  by  DX)1, 
and  d2  by  Dx. 2,  then  the  rescaled  isobole  will  pass  by  (1,0)  and  (0,1),  and  (di,d2)  is  rescaled  to 
represented  by  point  N’  in  Figure  3.  Thus  the  interaction  index  7N,(=  5^7  +  577)  at  N’  is  the  length  of  OS, 
which  is  the  same  as  the  length  of  OR.  In  Figure  3,  RS  is  parallel  to  PQ,  therefore  7N,  also  can  be  viewed  as 
the  length  of  the  line  from  the  origin  to  the  combination  (^77,  5^7)  divided  by  the  length  of  the  line  from 
the  origin,  passing  through  the  combination,  to  the  theoretical  additive  isobole,  i.e.,  7N,  =  length^ oW)  Figure 
3.  Note  that  an  isobole  is  defined  as  all  the  drug  pairs  (di,d2)  that  elicit  the  same  level  of  effect  x:  and  the 
joint  action  ratio,  defined  as  by  Hewlett  [27],  should  be  ^  (Figure  3),  where  7  represents  all 

the  interaction  indices  over  the  isobole  for  a  fixed  level  of  effect  x,  and  N  is  the  point  on  the  scaled  synergistic 
isobole  farthest  from  the  scaled  additive  isobole. 

4.  Comparison  of  Five  Approaches  to  Detect  Drug  Interactions 

There  are  many  published  methods  for  assessing  drug  interactions.  We  compare  the  following  five  commonly 
used  models  which  are  based  on  the  Loewe  additivity  model. 
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4.1  Median-effect  method  of  Chou  and  Talalay 

According  to  Greco  et  al.  [12],  the  median-effect  method  of  Chou  and  Talalay  [20]  is  the  most  influential 
method  to  assess  drug  interactions  introduced  since  1970.  Chou  and  Talalay  [20]  derived  the  equation  (7), 
which  is  independent  of  the  drug’s  mechanisms  of  action  and  does  not  require  knowledge  of  conventional  kinetic 


constants. 

When  the  effect  E  is  on  continuous  scale  and  the  dose-effect  relationships  follow  the  median-effect  equation 


i7  ).  the  plot  of  log  y^e  versus  logd  should  approximately  follow  a  straight  line  with  a  slope  m  and  ^-intercept 
log  Dm.  Particularly  when  we  regress  y  =  log  on  x  =  logd  to  obtain  log  yrg  =  Po  +  mlogd,  Dm  can  be 
obtained  by  exp (-&[).  Once  we  have  m  and  Dm,  we  can  obtain  the  dose  d  for  any  effect  level  E  by 


d  —  Dm 


E 


1  -E 


m 


(14) 


which  is  another  equivalent  form  of  (8). 

The  analysis  of  the  combined  effects  of  two  drugs  involves  the  following  five  steps  [21]: 

•  Step  1:  Graph  the  data  with  the  median-effect,  plot  for  drug  1  alone,  drug  2  alone,  and  a  mixture  of  the 
two  drugs  having  a  fixed  ratio,  then  estimate  the  parameters  mi,  Dm i,  ri,  m2,  Dm 2,  r2,  m12,  Dmn, 
and  ?’i2  using  linear  regression.  The  slope  gives  the  m  value,  Dm  =  exp(- ^),  where  j30  is  the  constant, 
v-intercept  term  in  the  linear  regression,  and  r  is  the  correlation  coefficient.  Chou  and  Talalay  suggested 
that  the  correlation  coefficient  should  be  greater  than  0.9  to  recommend  the  median  effect  model. 


.  Step  2:  Calculate  the  dose  Dx<1,  At, 2,  and  Dx,  12  at  each  given  level  of  effect  x  using  equation  (14)  and 
replacing  E  by  x,  Dm  by  Dml,  Dm2,  and  Dml2  respectively,  and  d  by  DX,UDX,2,  and  Dx,  12  respectively. 
DXil,  Dx< 2,  and  Dx,  12  are  doses  of  drug  1,  drug  2,  and  their  mixture  which  are  required  to  elicit  a  given 
effect  level  x. 


•  Step  3:  Calculate  the  contributions  of  d\  and  d2  in  the  mixture  DXt  12  from  the  known  dose  ratio  of  the 

two  drugs.  For  example,  if  =  yr,  then  di  =  Dx,  12  ■  and  d2  =  DXz  12  ■  ,  where  -A,  12  —  di  +  d2- 

d2  Q 

•  Step  4:  Calculate  the  interaction  index  at  the  level  of  effect  x  with  the  mixture  of  drugs  at  the  fixed  ratio. 


lix) 


di 


+ 


d2 


Dx,  1  DXt‘ 


(15) 
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•  Step  5:  Repeat  steps  2  to  4  many  times  with  different  levels  of  effect  x  at  each  time,  and  plot  the  interaction 
index  versus  the  level  of  effect  x. 

Plotting  the  interaction  index  versus  the  level  of  effect  x  provides  estimates  of  the  interaction  index  over  a 
large  range  of  doses  for  a  fixed  ratio  of  two  drugs.  By  examining  several  ratios,  synergism  and  antagonism  may 
be  detected  in  a  large  range,  and  inconsistent  drug  interactions,  i.e.,  some  combinations  showing  synergy,  and 
some  showing  additivity  or  antagonism,  may  also  be  detected. 

Remark  1:  Chou  and  Talalay  [20]  explicitly  derived  the  relationship  between  the  effect  E  and  drug  combination 
(duck)  when  mi  =  m2.  If  mi  =  m2  =  m12,  then  the  effects  of  drug  1  and  drug  2  are  mutually  exclusive. 
They  defined  the  combination  index,  which  is  the  same  as  the  interaction  index  in  this  case,  to  identify  drug 
interactions.  If  mi  -  m2  ^  m12  and  the  median  effect  plot  of  the  mixture  has  a  tendency  to  intersect  the  plot 
of  the  more  potent  of  the  two  drugs,  then  their  effects  are  mutually  nonexclusive.  In  this  case,  the  combination 

index  is  defined  as  ^  ^  which  has  one  more  term  than  the  interaction  index'  Chou  311(1 

Talalay  did  not  provide  a  test-based  approach  for  defining  exclusivity.  Instead,  they  recommend  reporting  the 
combination  indices  for  both  mutually  exclusive  and  mutually  non-exclusive  assumptions.  This  approach  can 
result  in  inconsistent  conclusions  for  drug  interactions  and  has  been  criticized  [10,  12],  When  we  adopt  Chou’s 
approach  we  use  the  interaction  index,  ^  to  identify  drug  interactions  instead  of  the  combination 

index. 

Remark  2:  Once  we  obtain  the  two  dose-effect  curves  for  the  two  single  drugs,  we  can  calculate  the  interaction 
index  and  its  corresponding  confidence  interval  for  any  observation.  Suppose  we  have  an  observation  {di,d2) 
with  effect  x.  We  can  calculate  Dx, i  and  Dxfi  using  (14)  by  replacing  Dm  with  exp(-^f)  and  E  with  x, 


resulting 


T»x,i  =  exP(-— )(YTT^) 


(16) 


where  80<i  is  the  constant  y-intercept  term  of  the  linear  regression  in  Step  1  for  drug  i  (i= 1,2).  Notice  that  the 
two  parameters  8o,i  and  m*  and  their  variances  and  covariance  are  estimated  already.  Based  on  equation  (16), 
an  estimate  of  the  variance  of  Dx4  with  i  =  1,2  can  be  approximated  by  using  the  delta  method  [28],  which  is 

Var (DXii)  fts  D2x  i  ^<52Var (rrn)  -  25^-Cov(/30,l,  m^)  +  Var(/30,;)^  (17) 

with  S  =  %  -  ^  log  pfy  •  The  subjects  treated  with  drug  1  alone  and  the  subjects  treated  with  drug  2  alone 
are  independent.  Using  the  delta  method  again  on  the  interaction  index,  we  can  calculate  the  variance  of  the 
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interaction  index  (II),  which  is  given  by 

Var (II)  «  -^-Var(Dx,i)  +  -^-Var(DIi2).  (18) 

Remark  3:  If  the  effect  E  measures  the  response  rate  with  responses  from  a  binomial  distribution,  Step  1  can 
be  modified  using  the  logistic  regression  instead  of  the  linear  regression. 

4.2  Model  of  Greco  et  al. 

The  first  response  surface  model  we  discuss  was  proposed  by  Greco  et  al.  [22]  using  a  single  parameter 
to  identify  and  quantify  drug  synergism.  This  approach  is  mathematically  consistent  with  the  traditional 
isobologram  approach  but  is  more  objective  and  has  been  successfully  applied  to  many  applications  for  detecting 

drug  interactions  [29]. 

Greco  et  al.  adopted  (5)  as  the  dose-response  relationship  for  each  single  drug.  From  (5)  we  have 

E-B  _  ,  d_)m  (19) 

Econ  —  E  Dm 

So  if  the  dose-relationship  follows  model  (5),  the  dose  to  elicit  an  effect  E  is 


„  ,  E-B 

d  =  Dm{ - - 

&con  & 


The  model  proposed  by  Greco  et  al.  [22]  has  the  following  form: 


Dm,  1  ( 


di 

E-B 


- - - 1 - 

,)™T  Dmfi{ 


d2 

E-B  , 

Eron  —  E 


Ocdid2 

f)  n  ,  E-B  E-B 

Dm.iDma) E  E>  Eccn  -  E 


Here,  m, ,  m,  are  the  slopes  of  the  dose-response  relationships  (5)  for  drug  1  and  drug  2,  respectively,  and 
Dm  l  and  Dm.2  are  the  median  effect  doses  for  drug  1  and  drug  2  respectively,  while  Econ  and  B  have  the  same 
meaning  as  defined  previously,  and  a  is  the  parameter  to  detect  synergism,  additivity,  or  antagonism. 

The  dose  level  for  each  single  drug  can  be  expressed  as  the  right-hand  side  of  equation  (20),  i.e,  £>*, i  = 

r,  ,  E  -  B  ^  n  -  -  n  J-  E  ~  B .  The  first  two  terms  on  the  right-hand  side  of  equation 

Dn'l(E^E)  X’2  _  mMEcon  -  E>  d 

(21)  are  exactly  the  interaction  index  written  as  So  we  can  rewrite  (21)  as 


d\  d.2  _  ^  _ 

DXt\  DXi2 


adid,2 
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When  a  >  0,  the  interaction  index  is  less  than  one,  and  synergism  is  detected;  when  a  <  0,  antagonism  is 
detected;  and  when  a  =  0,  the  combination  of  the  two  drugs  works  additively.  When  a  is  estimated  from  the 
data,  the  inference  should  be  made  in  the  statistical  point  of  view.  For  example,  we  claim  a  >  0  only  when  the 

lower  limit,  of  the  confidence  interval  for  a  is  positive. 

We  may  estimate  all  seven  parameters  (  mum2,Dmil,Dm,2,B,Econ,a)  by  the  least-squares  method  or  the 

maximum  likelihood  method  according  to  the  distribution  of  error,  whenever  appropriate.  We  obtain  the  effect 
E  by  the  bisecting  root  finder  in  each  iteration.  If  the  data  set  follows  the  median  effect  principle,  one  may  use 
the  median  effect  equation  (7)  as  the  dose-response  curve  for  each  single  drug,  and  then  fit  the  following  model 
with  five  parameters  (  mi, m2, -Dm,ii -Dm, 2, c*): 

!  *  +  _  d2 _  (22) 

_  ad\d2 _ 

(l“ g)**5 

4.3  Model  of  Machado  and  Robinson 

Of  the  several  models  investigated,  Machado  and  Robinson  [18]  recommended  the  following  model  which 


was  originally  derived  by  Plackett  and  Hewlett  [30]. 

di 


D 


1,1 


+ 


d2 

dT- 


=  1. 


(23) 


Similar  to  the  a  in  the  model  of  Greco  et  al. ,  when  0  <  r>  <  1,  the  combinations  of  the  two  drugs  are  synergistic; 
when  n  =  1,  the  combinations  are  additive;  and  when  1  <  v  <  00,  the  combinations  are  antagonistic.  Again 
we  should  view  these  equalities  or  inequalities  from  the  statistical  point  of  view  when  the  drug  interaction 

parameter  is  estimated  from  th.e  data. 

To  use  the  approach  proposed  by  Machado  and  Robinson,  we  need  to  choose  an  appropriate  dose-effect 
curve  for  each  single  drug.  We  will  follow  the  stream  of  literature  using  either  (5),  (6),  or  (7)  according  to  the 
data  structure.  If  we  adopt  the  general  model  (5)  as  the  dose-effect  curve  for  a  single  drug,  then  Machado  and 
Robinson’s  model  has  the  following  form: 


di 


Dm,  l( 


E  =E-)^ 
Ecm-E> 


+ 


d-2 


(24) 


.  Dmfi{ 


E-B 

Eco*-E> 


which  includes  seven  parameters  (mi, m2, Dm,i,Dm; 2, Econ,B,  17).  Again,  these  seven  parameters  can  b 
mated  by  appropriate  methods. 
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]f  one  adopts  the  median  effect  equation  (7)  as  dose-effect  curve  for  each  drug,  then  Machado  and  Robinson’s 
model  of  the  following  form  can  be  constructed  with  five  parameters  (mi, m2,  Dm,i,  An, 2,  r)). 


\Dm,  1(1^)^/  V^WCir^)”12  / 

Remark  4:  Note  that  for  each  fixed  rh  when  rescaled  to  pass  through  (1,0)  and  (0,1),  all  isoboles  from  a 
response  surface  are.  identical.  Therefore,  this  model  is  very  restrictive. 

4.4  Model  of  Plummer  and  Short 

Plummer  and  Short  [19]  proposed  a  model  of  the  form 

Y  =  80+  81  log  (di  +  P  ■  d2  +  & (di  •  P  •  da)*)  (26) 

to  identify  and  quantify  departures  from  additivity.  This  model  was  originally  proposed  by  Finney  [8]  with  a 
fixed  relative  potency  p,  and  was  generalized  by  Plummer  and  Short  to  allow  relative  potency  p  to  vary.  Here, 
y  is  the  transformed  effect,  d,  is  the  amount  of  drug  1  and  d2  is  the  amount  of  drug  2  in  a  combination,  and 
p  is  a  relative  potency  of  drug  1  versus  drug  2  given  by  log(p)  =  02+03  log £2,  in  which  D2  is  the  solution 

to  Do  -  d,2  -  —  =  0.  To  use  this  model,  the  plots  of  Y  versus  the  log  (dose)  for  both  drugs  should  be  linear 

P  E—B 

but  need  not  be  parallel.  If  the  data  for  each  single  drug  follow  equation  (5),  (6),  or  (7),  then  Y  as  log 

log  E  E  E,  or  log  will  have  a  linear  relationship  with  the  log  (dose),  so  model  (26)  is  applicable.  When  we 

take  7  =  log  e^=E’  the  model  becomes 

B  +  Econ  exp  (0o  +  0i  log  [di+  p-d2+  04  (di  ■  P  •  <h) 2))  ^7) 

1.0  +  exp  (/?o  +  0i  l°g  (di  +  P  ■  d2  +  04 (di  ■  p  •  d2) 2)) 

which  contains  seven  parameters  (00,01,02,03,04,^,5).  If  we  adopt  the  median  effect  equation  (7)  as  the 
dose-effect  relationship  for  each  single  drug,  we  may  take  Y  =  log^g,  and  then  Plummer  and  Short’s  model 
will  have  the  following  form: 

E  = _ M _ yya-  (28) 

1.0  +  exp  (—0o  —  0i  l°g  (di  +  P  ■  d2  +  04  (di  ■  P  ‘  d2) 2  J  J 

With  the  appropriate  methods,  the  five  parameters  (00, 01,02,03,04)  can  be  estimated  accordingly.  The  pa¬ 
rameter  34  captures  synergism  (04  >  0),  additivity(04  =  0),  or  antagonis m(04  <  0).  Again  we  make  inferences 

about  these  relations  from  the  statistical  point  of  view. 

Let  us  look  at  why  0 4  can  capture  synergism  and  antagonism.  If  we  set  d2  =  0  for  Plummer  and  Short’s 
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model  (26),  we  will  get 

Dx,i  exP(““(r — )> 

which  is  the  dose  of  drug  1  eliciting  the  effect  Y .  If  we  set  di  =  0  we  will  get 

expC21^) 

Dx,  2  = - ~  > 

which  is  the  dose  of  drug  2  eliciting  the  effect  of  Y .  From  model  (26)  we  can  get 

di  d2  ■  p  o  {di  -  p  ■  d2) 2  _  1 

exp(^)  exp(^)  4  exp(^f) 

that  is. 

di  d-2  a  (rf!  •  ^2) 5  _  I  (29) 

Dx, i  '  Dx, 2  P4(Dx,i-Dx,2)3 

Therefore  ,?4  captures  synergism,  additivity,  or  antagonism,  coincident  with  the  Loewe  additivity  model  (1). 
Note  that  (29)  is  one  of  the  models  mentioned  by  Machado  and  Robinson  [18]  and  has  the  shortcoming  we 


pointed  out  in  Remark  4. 

4.5  Model  of  Carter  et  al. 

The  model  proposed  by  Carter  et  al.  [23]  implies  that  the  dose-effect  for  a  single  drug  follows  a  logistic 
model.  The  model  has  the  following  form, 

E 


Logit(E)  =  log 


=  /3o  +  /3idi  +  02d2  +  P\id\d2- 


V1  -  Ey 

By  setting  d2  =  0  we  can  estimate  the  dose  of  drug  1  eliciting  a  fixed  effect  E 

loS(i A)  _  0° 


Dx.i  — 


0i 


By  setting  d\  -  0  we  can  estimate  the  dose  of  drug  2  eliciting  the  fixed  effect  E 

log(Trg)  “  0o 


Dx- 


02 


Prom  Carter’s  model  (30)  we  can  obtain  the  interaction  index 

d\  d2  0idi 


+ 


0202 


Dx, i  +  Dx, 2  log^)  -  0o  "  log(i5g)  -  0o 

0120102 


=  1  - 


log(yzrg)  -00 


(30) 


(31) 


If  log(T^g)  -  <30  >  0,  then  the  combination  doses  are  synergistic  with  012  >  0,  additive  with  0i2  0,  or 

antagonism  with  Ac  <  0.  If  log(  *)  -  ft  <  0,  then  the  combination  closes  ate  synergistic  with  Ac  <  0  or 

antagonistic  with  0\2  >  0. 
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5.  Data  Set 


A  principal  focus  of  chemoprevention  research  at  M.D.  Anderson  Cancer  Center  is  to  identify  efficient 
combinations  of  chemotherapeutic  and  biologic  agents  that  eliminate  precancerous  cells  or  slow  the  carcinogenic 
processes  in  patients  at  high-risk  for  the  development  of  cancer.  Combinations  of  drugs  acting  synergistically 
have  the  primary  benefits  of  improving  therapeutic  activity  with  lower  toxicity.  This  is  particularly  important  m 
t  he  prevention  setting  because  preventive  regimen  must  elicit  low  toxicity  profiles  before  they  can  be  administered 
to  relatively  healthy  subjects.  Dr.  Reuben  Lotan  and  colleagues  at  M.D.  Anderson  Cancer  Center  evaluated 
the  efficacy  of  two  such  novel  agents,  SCH66336  and  4-HPR,  in  squamous  cell  carcinoma  cell  lines  (unpublished 
data).  SCH66336,  a  tricyclic  peptidomimetic  compound,  has  extensive  activity  m  preclimcal  studies  m  head 
and  neck  squamous  cell  carcinoma  and  in  non-small-cell  lung  cancer  cell  lines.  4-HPR  is  a  potent  retinoid  that 
induces  apoptosis  (cell  death)  in  malignant  cells. 

Cell  lines  of  human  squamous  cell  carcinoma  were  treated  with  SCH66336  and  4-HPR  separately  and  in 
combination.  After  6  hours,  the  proportions  of  surviving  cells  at  each  single  dose  and  combination  dose  levels 
were  calculated.  In  order  to  illustrate  the  methods  we  described  in  Section  4,  we  used  a  human  squamous  cell 
carcinoma  cell  line  (UMSCC22B)  with  the  treating  doses,  or,  in  this  case,  concentrations  ranged  from  0  to  4 
fM  and  0  to  2  /iM  for  SCH66336  and  4-HPR,  respectively.  The  corresponding  percentages  of  cells  surviving  at 

each  combination  of  dose  levels  are  shown  in  Table  1. 

6.  Data  Analysis 

We  illustrate  the  methods  described  above  to  identify  synergism,  additivity,  or  antagonism  by  analyzing  a 
data  set  in  which  the  percentages  of  surviving  cells  were  measured  on  the  cell  line  UMSCC22B  in  response  to 
different  combination  treatments  with  SCH66336  and  4-HPR  (see  Table  1).  Cell  survival  ranged  from  67%  at 
0.1  ,iM  to  only  38%  at  4  /rM  by  treating  with  SCH66336  alone.  4-HPR  was  slightly  less  effective  as  a  single  agent 
eliciting  77%  cell  survival  at  0.1  fiM  and  49%  cell  survival  at  2  pM.  Equidose  concentrations  of  the  combination 
of  the  two  agents  ranged  from  65%  at  0.1  fi M  (total  dose=di  +  d2=  0.2  (M)  to  23%  at  2  fiM  (total  dose=4 
/iM).  The  data  suggest  some  supra-additive  effects  by  the  combination.  For  example,  a  total  dose  of  1  fiU  of 
the  combination  elicited  49%  cell  survival  whereas  the  single  agent  effect  at  this  dose  was  56%  and  57%  for 
SCH66336  and  4-HPR,  respectively.  We  treat  the  effect,  i.e.,  percent  cell  survival  as  a  continuous  variable  and 


15 


assume  the  stochastic  error  is  linear  in  log  The  least  squares  method  was  applied  in  solving  the  parameters 
for  all  methods  described  below. 

The  median  effect  plot  can  be  obtained  by  a  linear  regression  of  log  on  logd  based  on  the  data  m  Table 
1 .  Recall  that  log  ^  =  m(logd  -  logDm)  =  +  mlogd.  The  estimates  of  /30,  m,  Dm,  r  for  drug  1,  drug  2, 

and  t  he  mixture  of  the  drugs  with  equal  concentrations  are  summarized  in  Table  2. 

The  transformed  data  log  versus  log  d  are  shown  in  Figure  4A.  Open  circles  identify  the  transformed 
observations  for  drug  1  alone,  the  triangles  for  drug  2  alone,  and  the  filled  circles  refer  to  the  mixture  of  the  two 
drugs  with  the  fixed  ratio  of  1:1.  The  median  effect  plot  for  drug  1  (SCH66336)  is  shown  m  a  dashed  line,  the 
median  effect  plot  for  drug  2  (4-HPR)  as  a  dotted  line,  and  the  median  effect  plot  for  the  mixture  of  the  two 
drugs  with  the  fixed  ratio  is  shown  as  a  solid  line  in  Figure  4A.  Figure  4C  shows  the  corresponding  observed  data 
and  the  fitted  dose-effect  curves  for  drug  1,  drug  2,  and  the  mixture  of  the  two  drugs.  The  median  effect  equation 
constrains  the  effect  to  be  1  at  dose  zero  for  m  <  0.  In  fact  only  five  observations  were  used  to  calculate  the 
median  effect  model  for  drug  1  alone,  four  observations  for  drug  2  alone,  and  four  observations  for  the  mixture. 
The  remaining  16  data  points  at  other  dose  combinations  were  not  used.  The  median  effect  plots  in  Figure  4A 
and  r  values  in  Table  2  indicate  that  the  data  follow  the  median  effect  equation  (7)  reasonably  well.  We  followed 
the  procedure  described  in  Section  4.1  to  plot  the  interaction  index  versus  the  effect  E,  which  is  shown  in  Figure 
4B.  The  figure  shows  that  when  E  <  0.68,  the  interaction  index  is  less  than  1  and  the  corresponding  combination 
dose  is  synergistic.  We  calculated  four  interaction  indices  and  their  confidence  intervals  at  the  four  observed 
data  points  (di.tfa)  being  (0.1,  0.1),  (0.5,  0-5),  (1,  1)  and  (2,  2).  The  four  interaction  indices  were  0.791,  0.609, 
0.256,  and  0.103,  and  their  corresponding  95%  confidence  intervals  were  [0.405,  1.177],  [0.388,  0.831],  [0.092, 
0.421],  and  [0.002,  0.203],  respectively.  The  four  pairs  of  interaction  index  versus  the  effect  along  with  their  95% 
confidence  intervals  are  shown  in  Figure  4B.  Ibom  these  four  interaction  indices  and  their  confidence  intervals, 
it  is  reasonable  to  conclude  that  the  combination  doses  at  the  fixed  ratio  of  1:1  are  synergistic  for  doses  >  0.5 
/tM  for  each  single  drug.  The  95%  confidence  interval  of  the  interaction  index  at  the  drug  combination  (0.1,  0.1) 
contains  1,  therefore  the  combination  dose  (0.1,  0.1)  is  declared  additive.  The  above  analyses  do  not  adjust  for 
multiple  comparisons.  Table  3  provides  summaries  of  the  estimated  synergism-antagonism  parameter,  its  95% 
confidence  interval,  and  the  conclusion  using  each  of  the  five  models  described. 

In  order  to  compare  the  results  obtained  from  each  model  with  those  obtained  from  Chou  and  Talalay’s 
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model,  we  chose  to  use  the  median  effect  equation  as  a  dose-effect  curve  for  the  use  of  the  single  drugs  on  the 
models  described  in  Section  4.2  to  4.4.  Thus  the  parameters  estimated  in  the  median  effect  plot  could  be  used 
as  T,he  initial  values  for  parameter  estimation.  We  fitted  each  of  the  models  mentioned  in  Section  4.2  to  Section 
1.5.  and  plotted  the  observed  values  and  the  fitted  dose-effect  curves  for  drug  1,  drug  2,  and  the  mixture  of  the 
drugs  at.  the  fixed  ratio  of  1:1  (Figure  5A,  6A,  7A,  and  8A),  where  the  fitted  dose-response  curves  were  obtained 
from  the  corresponding  response  surface  models.  Selected  contours  of  each  fitted  response  surface  are  shown  m 
Figures  5B,  6B,  7B,  and  8B.  Comparing  these  plots  with  the  raw  data  and  comparing  the  contour  plot  of  each 
fitted  response  surface  with  the  contour  plot  of  the  raw  data  (Figure  4D)  provide  a  crude  visual  assessment  of 
whether  the  fit  is  good  or  not.  The  residual  sum  of  squares  (RSS)  is  another  useful  measure  of  the  goodness  of 

fit. 

For  Greco’s  model,  the  initial  values  for  mum2,Dml,  Dm2  are  given  in  Table  2,  and  the  initial  value  for  a  is 
set  as  0.  The  two-component  plot  is  shown  in  Figure  5  and  RSS=0.618.  The  fitted  parameters  are  mx  =  -0.383, 
rri2  _  —0.449,  Dmi  =  1-316,  Dm 2  =  1.430,  and  the  estimated  synergism  and  antagonism  parameter  a  =  5.622 
with  standard  error  3.105.  The  95%  confidence  interval  for  a  is  [-0.464,11.708].  The  confidence  interval, 
which  includes  0,  precludes  a  statement  of  statistical  significance  for  a  being  different  from  0,  and  thus  synergy. 
However,  the  confidence  interval  of  a  expands  mostly  in  positive  range,  suggesting  the  combinations  of  the  two 
drugs  may  have  some  synergistic  effect  instead  of  pure  additive  effect.  Table  3  may  aid  in  interpreting  this 
result.  The  confidence  interval  for  the  interaction  index  at  the  lowest  dose  combination  dy  =  d2  =  O.lfM  was 
not  significantly  different  from  1.  However,  the  interaction  indices  at  the  other  three  higher  dose  combinations 
(dl  =  d2  =  0.5/rM,  1  /rM,  2  pM)  all  showed  synergistic  effect.  Greco’s  a  provides  an  overall  estimation  of 
synergy  across  all  dose  levels,  and  appears  to  weigh  in  a  less  than  synergistic  effect  at  the  low-dose  combinations 
of  the  two  agents. 

For  Machado  and  Robinson’s  model,  the  initial  values  for  my,  m2,  Dml,  Dm2  were  taken  from  Table  2  with 
r/  =  0.7.  The  two  plots  are  shown  in  Figure  6  and  RSS=1.232.  The  fitted  parameters  are  my  =  -0.471, 
m-,  =-  -0.538,  D„a  =  1.220,  £>m2  =  1-282,  and  the  estimated  synergism  and  antagonism  parameter  rj  =  0.507 
with  standard  error  0.092,  so  the  95%  confidence  interval  for  T)  is  [0.327,0.687],  which  does  not  contain  1  and 
indicates  synergy  for  the  effect  of  the  two  drugs. 

For  Plummer  and  Short’s  model,  the  initial  values  for  fio,  Pi  could  be  taken  as  /Jo,i  slope  mi  in  Table  2. 
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The  initial  value  for  ft  could  be  ^  and  the  initial  value  for  ft  could  be  We  used  Newton- 

Raphson  method  to  solve  D 2  in  Plummer  and  Short’s  model.  The  convergence  of  the  algorithm  is  sensitive 
;;0  the  initial  value  of  ft,  therefore,  one  may  try  different  initial  values  for  ft  to  see  whether  the  solutions 
are  obtainable  and  converge  to  the  same  value.  In  this  example,  we  took  2.5  as  the  initial  value  for  ft.  The 
corresponding  two-component  plot  is  shown  in  Figure  7  and  RSS=1.238.  The  fitted  parameters  are  ft  =  0-099, 

=  -0.473,  ft  =  -0.083,  ft  =  0.120,  and  the  estimated  synergism  and  antagonism  parameter  ft  =  2.146 
with  standard  error  1.102,  so  the  95%  confidence  interval  for  ft  is  [-0.014, 4.305],  The  conclusion  is  that  these 
two  drugs  are  additive  with  respect  to  cell  survival. 

For  Carter’s  model  (30),  the  initial  values  can  be  obtained  using  logistic  regression  for  each  single  drug.  The 
two-component  plot  is  shown  in  Figure  8.  The  fitted  parameters  were  ft  =  0.590,  ft  =  -0.331,  ft  =  -0-516. 
The  estimated  synergy-antagonism  parameter  ft2  =  -0.003  with  standard  error  0.043,  thus  the  95%  confidence 


interval  for  ft2,  [-0.087,0.081],  contains  zero,  we  cannot  claim  that  synergy  exists  using  this  model.  From  the 
plots  in  Figure  8,  we  can  see  that  the  fit  is  not  good  either  for  a  single  drug  or  for  the  mixture  of  the  two  drugs, 
and  the  contour  plot  of  the  fitted  surface  is  far  away  from  the  contour  of  the  raw  data.  These  figures  show 
that  Carter’s  model  does  not  provide  a  good  fit  for  our  data.  Table  3  also  shows  that  Carter’s  model  yields  the 


largest  RSS  (RSS=1.399). 

In  conclusion,  we  have  fitted  five  models  to  the  data  in  Table  1  with  summary  statistics  shown  in  Table 
3.  We  compared  the  fitted  dose-effect  curves  with  raw  data  given  in  Figure  4C  and  panel  A  of  Figures  5-8. 
In  addition,  the  fitted  contour  plots  in  panel  B  of  Figures  5-8  were  compared  to  the  raw  data  contour  plot  in 
Figure  4D.  The  correlation  coefficients  in  Table  2  and  standard  regression  diagnostics  indicated  that  Chou  and 
Talalay  model  fit  the  data  well.  The  RSSs  of  the  fitted  models  of  Greco,  Machado  and  Robinson,  and  Plummer 
and  Short  showed  these  models  fit  the  data  reasonably  well.  The  only  exception  was  Carter’s  model  which  did 
not.  fit  the  data  adequately.  Machado  and  Robinson’s  model  gave  a  conclusion  that  the  combinations  of  the 
two  drugs  axe  synergistic  on  this  cell  line  UMSCC22B  (Table  3).  Chou  and  Talalay’s  model  gave  synergistic 
effects  at  moderate  to  high  dose  combinations  but  additive  effect  at  low  dose  combinations.  The  coexistence 
of  synergism  and  additivity  of  the  two  agents  probably  explains  why  the  confidence  interval  for  Greco’s  a  and 
Plummer  and  Short’s  ft  barely  include  zero  but  tend  to  be  positive.  Overall,  we  recommend  using  Chou  and 
Talalay’s  model  with  interaction  index  as  the  measure  of  drug  interaction.  Greco’s  model  has  the  least  RSS 
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among  the  four  parametric  response  surface  models  for  this  data  set.  However,  all  the  four  methods  are  not 
sufficient  to  describe  the  data  set  where  synergy,  additivity,  or  antagonism  are  interspersed.  New  method  should 

be  developed  to  capture  different  patterns  of  drug  interactions. 

We  developed  S-PLUS/R  programs  to  provide  estimates  for  each  of  the  five  methods  described.  The  S- 
PL.TJS/R  code  and  the  data  example  are  available  in  synergy  which  can  be  downloaded  from 
http:  //odin.  mdacc.tmc.  edu/ anonftp/ . 

7.  Discussion  and  Future  Research 

Some  investigators  advocate  using  the  Bliss  independence  model,  since  Bliss  independence  implies  that  the 
two  agents  do  not  physically,  chemically,  or  biologically  cooperate,  which  has  an  intuitive  appeal  and  a  theoretical 
basis  [31.  32.  33,  34].  However,  we  agree  with  many  authors  that  the  “mechanistic  free”  Loewe  additivity  model 
should  be  the  standard  reference  model  for  defining  drug  interactions  as  synergistic,  additive,  or  antagonistic 

[10,  11,  12,  16,  17,  22,  18,  23]. 

Chou  and  Talalay  [20,  21]  proposed  the  plot  of  the  interaction  index  versus  the  effect  E  for  the  drug 
combination  with  a  fixed  ratio,  and  by  examining  at  several  ratios,  the  synergy  and  antagonism  can  be  identified 
across  a  range  of  doses  even  when  the  modes  of  drug  interactions  are  inconsistent,  i.e.,  synergy  at  certain  dose 
combinations  but  antagonism  at  others.  Not  every  data  set  follows  the  median  effect  equation  well.  Therefore, 
if  one  can  find  a  better  approach  to  fit  the  dose-effect  curves  for  a  single  drug  and  drug  combinations  at  a 
fixed  ratio,  following  Step  2  to  Step  5  described  in  Section  4.1,  a  more  accurate  model  to  detect  synergy  and 
antagonism  may  be  developed.  Kelly  and  Rice  [35]  proposed  a  spline  method  to  fit  the  dose-effect  curve,  which 
could  be  combined  with  Chou  and  Talalay’s  idea  to  detect  synergy  and  antagonism. 

Greco’s  model  (21)  implies  that  Econ  and  B  are  the  same  for  drug  1,  drug  2  and  the  mixture  of  drugs,  which 
may  not  be  true.  Approaches  assuming  that  Econ  and  B  are  polynomials  of  the  drug  ratio  were  developed  by 
White  et  al.  [29],  and  the  assessment  of  drug  interactions  of  this  approach  is  based  on  the  50%  isobole.  Further 

examination  is  needed  in  order  to  specify  these  polynomials  precisely. 

For  our  data  set,  we  had  only  a  single  observation,  i.e.,  the  proportion  of  surviving  cells,  for  each  drug 
combination.  We  used  the  least-squares  method  to  estimate  the  parameters  in  the  models  as  mentioned  above. 
The  results  will  be  the  same  as  the  maximum  likelihood  estimate  for  Gaussian  distributed  errors.  If  we  have 
multiple  observations  for  each  drug  combination,  we  can  detect  whether  the  variance  is  constant,  and,  if  not, 
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The  frequency  of  mutations  in  the  histologically  normal 
respiratory  epithelium  was  higher  in  samples  microdissected 
within  the  tumor  (9  of  21,  43%)  than  samples  obtained  from  tissue 
adjacent  to  tumor  (distance  of  <5  mm  from  the  tumor  margin;  7  of 
29,  24%;  P  -  0.013;  Table  2).  No  mutation  was  detected  in  14  distant 
bronchial  and  bronchiolar  samples.  Although  not  statistically 
significant,  a  higher  incidence  of  mutation  was  detected  in  small 
bronchial  (9  of  26,  35%)  compared  with  bronchiolar  structures  (7  of 
38,  18%;  P  =  0.093).  More  frequent  mutations  affecting  normal 
epithelium  were  found  in  EGFR  exon  19  (14  of  16,  54%)  compared 
with  exon  21  (2  of  28,  7%;  P  =  0.02).  There  was  no  correlation  noted 
between  mutations  in  the  normal  epithelium  and  age,  gender, 
ethnic  background,  former  or  never  smoker  status,  or  lung  cancer 
clinical  stage  in  our  patients. 

Discussion 

This  is  the  first  report  of  the  presence  of  EGFR  mutations  in 
histologically  normal  bronchial  and  bronchiolar  epithelium  in 
patients  with  lung  adenocarcinomas.  Our  findings  of  identical 
EGFR  mutations  in  normal-appearing  respiratory  epithelium  in  9 
of  21  (43%)  patients  with  mutant  tumors  suggest  that  the 
mutations  occur  as  early  events  in  the  pathogenesis  of  a  subset 
of  lung  adenocarcinomas,  commencing  in  histologically  normal 
peripheral  airways.  These  findings  impact  our  understanding  of 


the  early  pathogenesis  of  EGFR  mutant  lung  adenocarcinomas,  and 
may  lead  to  clinical  applications,  such  as  targeted  early  detection 
and  chemoprevention  strategies. 

It  has  been  proposed  that  lung  cancer  cells  with  mutant  EGFR 
might  become  physiologically  dependent  on  the  continued  activity 
of  the  gene  for  the  maintenance  of  their  malignant  phenotype  (13). 
Mutant  EGFR  selectively  transduces  survival  signals,  specifically 
Aid,  and  signal  transduction  and  activator  of  transcription 
signaling  pathways,  on  which  lung  cancer  tumor  cells  become 
dependent  (14).  Our  finding  of  identical  EGFR  mutations  (15  or  18 
bp  in-frame  deletion  and  L858R  mutation)  in  lung  adenocarcinoma 
cells  and  in  25%  of  the  corresponding  adjacent  histologically 
norma]  epithelial  sites  examined  indicates  that  EGFR  tyrosine 
kinase  mutations  also  may  play  an  important  role  in  the  initiation 
of  the  malignant  phenotype.  This  notion  is  further  supported  by 
the  absence  of  EGFR  mutations  in  normal-appearing  epithelium 
from  16  lung  adenocarcinomas  with  wild-type  EGFR  from  never 
and  former  smokers. 

Clinically  and  pathologically  (1),  most  adenocarcinomas  of 
the  lung  are  considered  to  arise  from  the  peripheral  lung  airway 
compartment  (small  bronchi/bronchioles  and  alveoli;  ref.  15), 
which  arise  by  division  of  the  tertiary  bronchi  (16).  Whereas 
bronchi  are  lined  by  pseudostratified  ciliated  epithelium  with 
occasional  mucin-producing  cells,  bronchioles  contain  ciliated 
cells  and  secretory  Clara  cells  (16).  The  latter  are  believed  to  be 


1.  Histology  and  Microdissection 
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1.  EGFR  Sequencing  (Exon  19, 15  bp  deletion  746-750) 
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Figure  1.  /,  examples  ot  tumor  and  histologically  normal  airway  structures  harboring  the  mutations  are  illustrated  before  (A-D)  and  after  microdissection  (E-H).  II, 
sequencing  chromatograms  showing  the  presence  of  wild-type  and  mutant  forms  in  the  tumor  (/),  a  small  bronchus  (J),  and  bronchiole  (K),  whereas  only  wild-type  form 
is  present  in  another  bronchiole  (1).  Arrow,  in-frame  deletion  mutation  sequence. 


Cancer  Res  2005;  65:  (17).  September  1,  2005 


7570 


www.aacrjournals.org 


EGFR  Mutation  in  Normal  Lung  Epithelium 


;  Table  2.  Frequency  of  EGFR  tyrosine  kinase  domain  mutations  in  microdissected  histologically  normal  bronchial  and 
bronchiolar  epithelium  in  lung  adenocarcinoma  patients 


Cases/samples  Mutated  tumors  Wild-type  tumors 


Exon  19  deletion 

Exon  21  mutation 

Total  mutated 

Patients  by  smoking  status  ( n  =  30) 

Never 

2  of  5 

2  of  7 

4  of  12 

0  of  8 

Former 

4  of  6 

0  of  1 

4  of  7 

0  of  8 

Current 

1  of  2 

— 

1  of  2 

— 

1'otal  patients 

Foci  by  location  compared  with  tumor  ( n 

7  of  13  (54%) 

=  90) 

2  of  8  (25%) 

9  of  21  (43%)* 

0  of  16* 

Within 

8  of  14  (57%) 

1  of  7  (14%) 

9  of  21  (43%) T 

0  of  8 

Near  i  <5  mm) 

6  of  13  (46%) 

1  of  16  (6%) 

7  of  29  (24%) T 

0  of  13 

Distant. 

0  of  9 

0  of  5 

0  of  14  T 

0  of  5 

Foci  by  respiratory  structure  (n  =  90) 

Small  bronchus 

8  of  17  (47%) 

I  of  9  (11%) 

9  of  26  (35%) 

Oof  10 

Bronchiole 

6  of  19  (32%) 

1  of  19  (5%) 

7  of  38  (18%) 

0  of  16 

Total  foci 

14  of  36  (39%)* 

2  of  28  (7%)* 

16  of  64  (25%) 

0  of  26 

"P  value  of  comparison:  0.0046. 
tp  v.due  of  comparison:  0.013. 
IP  value  of  comparison:  0.021. 


the  progenitor  cells  of  the  bronchiolar  epithelium.  Respiratory 
bronchioles  terminate  in  alveolar  ducts  and  alveolar  sacs,  which 
are  lined  by  type  1  and  II  pneumocytes  (16).  Our  finding  of 
EGFR  mutations  in  microdissected  histologically  normal  epi¬ 
thelial  cells  obtained  from  small  bronchi  and  bronchioles 
supports  the  concept  of  adenocarcinomas  arising  from  the 
peripheral  lung  airway  compartment.  The  tendency  of  higher 
frequency  of  EGFR  mutations  in  normal  epithelium  obtained 
from  small  bronchi  (35%)  compared  with  bronchioles  (18%) 
may  correlate  with  different  cell  types  populating  those 
epithelia,  which  could  represent  the  site  of  the  cell  of  origin 
for  EGFR  mutant  adenocarcinomas.  However,  the  possibility 
that  common  stem  or  progenitor  cells  for  both  bronchial  and 
bronchiolar  epithelia  are  the  cell  type  bearing  EGFR  mutation 
cannot  be  excluded. 

The  finding  of  EGFR  mutations  in  small  bronchial  and 
bronchiolar  epithelium  obtained  from  sites  within  (43%)  and 
adjacent  (24%)  to  tumors,  but  none  in  the  distant  peripheral  lung 
sites,  suggests  that  a  localized  type  of  field  effect  phenomenon  may 
exist  for  EGFR  mutations  in  the  lung  respiratory  epithelium.  A 
widespread  field  effect  phenomenon  with  several  molecular 


changes  affecting  histologically  normal  and  abnormal  bronchial 
and  bronchiolar  epithelium  has  been  previously  shown  by  us 
(17,  18)  and  others  (19)  in  the  smoking-damaged  respiratory 
epithelium  from  lung  cancer  patients  and  from  smokers  without 
lung  cancer.  Therefore,  our  findings  extend  the  field  theory  from 
centrally  arising  squamous  carcinomas  to  peripheral  occurring 
adenocarcinomas  arising  both  in  smokers  and  never  smokers. 

Our  findings  of  EGFR  mutations  present  in  histologically  normal 
epithelium  of  patients  with  lung  adenocarcinomas  bearing 
identical  mutations  open  new  avenues  of  investigation  in  the  early 
pathogenesis  of  lung  adenocarcinoma,  including  the  identification 
of  specific  epithelial  cell  types  hit  by  crucial  genetic  abnormalities 
involved  in  lung  tumorigenesis. 
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ABSTRACT 


Background:  We  sought  to  define  clinical-pathologic  features  associated  with  mutations  of  the 
EGFR  gene  in  non-small  cell  lung  cancer  (NSCLC).  Methods:  We  evaluated  surgically  resected 
NSCLC  tumors  for  EGFR  (exon  18-21)  and  KRAS  (codon  12-13)  mutations, 
immunohistochemistry  (EGFR,  phosphorylated-EGFR,  and  HER2/Neu),  and  correlated  results 
with  clinical  outcome,  patient  and  disease  features.  After  our  analysis  on  159  patients  was 
completed,  we  selected  a  second  cohort  of  Asian  patients  (n=22)  and  compared  EGFR  mutation 
results  to  place  of  birth  and  immigration  to  the  United  States.  Results:  Of  159  patients,  14  had 
EGFR  mutations,  and  18  had  KRAS  mutations.  EGFR  mutations  were  associated  with 
adenocarcinoma  (p=0.002),  females  (p=0.02),  never-smoking  (p<0.0001),  Asian  ethnicity 
(p=0.005),  air  bronchograms  (p=0.004),  and  multiple  wedge  resections  (p=0.03).  Although 
statistical  significance  was  not  reached,  a  higher  incidence  of  synchronous  primary  cancers  (36% 
versus  1 7%;  p=0.09)  and  smaller  median  tumor  size  (1 1.8  cm3  versus  24.0  cm3;  p=0.24)  were 
seen.  There  was  no  difference  in  disease-free  survival,  however  median  overall  survival  in 
patients  with  EGFR  mutations  was  shorter  (3.49  versus  4.29  years,  p=0.85).  EGFR  mutation  did 
not  correlate  with  immunohistochemistry.  In  the  second  cohort  of  22  Asian  patients,  12  (55%) 
patients  had  the  mutation.  Of  interest,  there  was  no  geographic  difference  in  incidence  of  EGFR 
mutation.  Asian  women  with  the  EGFR  mutation  developed  adenocarcinoma  at  an  earlier  age 
than  other  lung  cancer  patients.  Conclusions:  There  is  a  distinct  clinical  profile  for  NSCLC 
patients  with  the  EGFR  mutation.  However,  this  mutation  does  not  alter  disease-free  survival 
and  is  likely  due  to  an  inherited  susceptibility  instead  of  an  environmental  effect. 
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INTRODUCTION 


The  epidermal  growth  factor  receptor  (EGFR)  has  been  the  recent  subject  of  great  interest 
in  lung  cancer  treatment.  EGFR  is  overexpressed  in  40-80%  of  non-small  cell  lung  cancer 
(NSCLC)  patients  and  regulates  cell  proliferation,  cell  survival,  angiogenesis,  and  tumor 
metastasis.(l)  Recently,  critical  mutations  in  the  adenosine  triphosphate  (ATP)  pocket  of  the 
tyrosine  kinase  binding  region  were  reported  in  patients  with  NSCLC. (2,  3)  These  mutations  are 
suspected  to  cause  constitutive  activation  of  the  receptor  and  confer  susceptibility  to  EGFR 
tyrosine  kinase  inhibitors. (2)  EGFR  exons  18  through  21  encode  for  structures  around  the  ATP 
binding  cleft  within  the  tyrosine  kinase  domain.(2-5)  This  is  the  binding  area  for  the  EGFR 
tyrosine  kinase  small  molecule  inhibitors  gefitinib  and  erlotinib. 

Based  on  the  prior  studies  (IDEAL)  using  EGFR  tyrosine  kinase  inhibitors, 
approximately  9-12%  of  European  patients  and  18-19%  of  Asian  patients  with  NSCLC 
experienced  a  tumor  response  to  these  agents.(6,  7)  Subpopulation  analyses  revealed  that 
responders  were  more  likely  to  be  female,  non-smokers,  and  have  adenocarcinoma  with 
bronchioloalveolar  features. (8)  However,  more  specific  predictors  of  response  were  unknown  as 
immunohistochemical  studies  of  EGFR  were  not  reliable  in  predicting  response  to  therapy.(9) 
The  discovery  of  EGFR  mutations  in  the  tyrosine  kinase  domain  provides  some  insight  into  why 
only  a  small  proportion  of  patients  benefit  from  EGFR  targeted  therapy.  We  sought  to  further 
define  the  clinical,  pathologic  and  biologic  features  associated  with  the  EGFR  mutation  in  lung 
cancer  to  determine  the  most  likely  population  to  benefit  from  screening  for  the  mutation. 
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MATERIAL  AND  METHODS 


Methodology ?  and  Case  Selection 

We  evaluated  EGFR  and  KRAS  gene  mutations  in  archived  frozen  and  paraffin-embedded 
NSCLC  tumor  specimens  obtained  from  patients  who  underwent  resection  at  the  University  of 
Texas  M.  D.  Anderson  Cancer  Center.  This  retrospective  study  was  approved  by  our 
Institutional  Review  Board.  One  hundred  fifty-nine  tumor  specimens  were  selected  from  the 
University  of  Texas  M.  D.  Anderson  Cancer  Center  Lung  SPORE  Tissue  Bank  based  on  equal 
numbers  of  squamous  cell  and  adenocarcinoma  histologies.  Patients  with  medical  histories  of 
never-  and  long-term  former  smoking  were  also  selected  to  increase  the  likelihood  of  locating 
tumors  with  the  EGFR  mutation.  The  EGFR  and  KRAS  mutation  data  from  this  first  cohort  of 
1 59  patients  have  been  previously  published  as  part  of  a  larger  series. (4) 

We  determined  the  association  between  the  mutation  analysis  results  with 
immunohistochemical  expression  of  EGFR,  phosphorylated  EGFR  (p-EGFR,  Y1086),  and 
HER2/Neu.  In  addition,  all  laboratory  results  were  compared  to  detailed  clinical  and-pathologic 
disease  features  and  outcome.  After  the  analysis  on  the  first  159  patients  was  completed,  we 
selected  a  second  group  of  patients  (n=22)  from  our  archived  Lung  SPORE  tissue  bank  based  on 
Asian  ethnicity  to  conduct  the  EGFR  mutation  analysis.  In  this  Asian  cohort,  we  determined  the 
association  between  mutation  status  and  focused  clinical  infonnation  regarding  smoking  history, 
place  of  birth,  and  time  lived  in  the  United  States  or  Asian  country. 

Clinical  Information  Collection 

Patient  charts  were  reviewed  and  demographic  data  were  collected,  including  age,  gender,  and 
ethnicity.  We  also  collected  patients’  past  medical  history,  including  an  extensive  history  of 
previous  cancers  and  cancer  therapies.  A  breakdown  of  aerodigestive  tract  cancers  compared  to 
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hematologic  and  other  solid  tumors  was  done.  Extensive  family  medical  histories,  including 
immediate  family  member  cancer  histories,  were  obtained.  We  also  collected  data  on  disease 
characteristics  including  pathologic  confirmation  of  primary  tumor  sites,  areas  of  clinical 
metastasis,  histologic  pattern  (including  extensiveness  of  the  bronchioloalveolar  component), 
level  of  aggressiveness  (lymphatic  or  vascular  invasion,  extra-capsular  invasion,  microscopic 
lymph  node  metastasis,  and  pleural  invasion),  and  tumor  size.  Bronchioloalveolar  carcinoma 
(BAG)  was  defined  using  the  2004  WHO  classification  for  lung  cancer(lO)  and  characterized  by 
the  growth  of  neoplastic  cells  along  pre-existing  alveolar  structures  without  evidence  of  stromal, 
pleural,  or  vascular  invasion  and  in  the  absence  of  metastasis.  Both  clinical  and  pathologic  TNM 
staging  data  were  obtained.  Radiographic  clinical  information  prior  to  surgery  was  collected, 
including  chest  computer  tomography  (CT)  location  of  tumor,  presence  of  air  bronchograms, 
quality  of  tumor  margins  (smooth  or  ill-defined),  extension  to  pleura,  amount  of  solid  component 
to  the  tumor,  presence  of  pseudocavitation,  amount  of  pleural  thickening,  and  degree  of  tumor 
spiculation.  Data  on  induction  therapies  used  and  response  were  tabulated  as  were  type  of 
surgical  resection,  adjuvant  therapy,  and  response  to  adjuvant  therapy.  Information  on  post¬ 
operative  complications  was  also  collected,  and  categorized  into  cardiovascular,  pulmonary, 
gastrointestinal,  neurologic,  hematologic,  or  wound  infection.  Both  disease-free  and  overall 
survival  duration  from  the  time  of  diagnosis  were  evaluated. 

EGFR  and  KRAS  Mutation  Analysis 

For  the  gene  mutation  analyses,  genomic  DNA  was  obtained  from  frozen  normal  and  primary 
lung  tumor  specimens  by  overnight  digestion  with  sodium  dodecyl  sulfate  and  proteinase  K 
digestion  (Life  Technologies,  Inc.,  Rockville,  MD)  at  37°C,  followed  by  standard  phenol- 
chloroform  (1:1)  extraction  and  ethanol  precipitation.  EGFR  mutation  analysis  of  four  tyrosine 
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kinase  domain  exons  (18  to  21),  that  are  frequently  mutated  in  lung  cancer  was  performed  using 


an  intron-based  polymerase  chain  reaction  (PCR)  as  previously  reported. (4)  All  PCRs  were 
carried  out  in  25  ul  of  solution  containing  100  ng  of  genomic  DNA  using  HotStarTaq  DNA 
polymerase  (QIAGEN  Inc.,  Valencia,  CA).  DNA  was  amplified  for  33  cycles  at  95°C  for  30 
seconds,  65°C  for  30  seconds,  and  72°C  for  45  seconds,  followed  by  7  minutes’  extension  at 
72°C.  The  intron-based  PCR  primer  sequences  for  exon  2  of  KRAS  were  as  previously 
published. (4)  For  the  KRAS  mutation  analysis,  DNA  was  amplified  for  33  cycles  at  95°C  for  30 
seconds,  55°C  for  30  seconds,  and  72°C  for  30  seconds,  followed  by  7  minutes’  extension  at 
72 °C.  All  PCR  products  were  incubated  using  exonuclease  I  and  shrimp  alkaline  phosphatase 
(Amersham  Biosciences,  Inc.,  Piscataway,  NJ)  and  sequenced  directly  using  Applied  Biosystems 
PRISM  dye  terminator  cycle  sequencing  method  (Perkin-Elmer  Corp.,  Foster  City,  CA).  All 
sequence  variants  were  confirmed  by  independent  PCR  amplifications  and  sequenced  in  both 
directions. 

Immunohistochemical  Analysis 

Immunohistochemical  analyses  were  performed  on  formalin-fixed,  paraffin-embedded 
specimens  from  surgically  resected  primary  lung  NSCLC.  Tissue  microarrays  (TMAs)  were 
prepared  using  1  mm  core  sections  in  triplicate.  Four-mi crons-thick  histology  sections  from 
TMAs  were  prepared  for  immunohistochemical  analysis.  Antibodies  against  the  EGFR  clone 
31G7  (Zymed,  catalog  #36-9700),  Her2/Neu  (Dako  catalog#A0485),  and  p-EGFR  (Tyr  1086, 
Zymed  catalog  #36-9700)  were  used  as  the  primary  antibodies.  Tissue  slides  were  baked  at  67°C 
for  30  minutes,  deparaffinized  in  xylene,  followed  by  graded  alcohol  and  DI  H2O  washes,  and 
rehydrated  in  TBS-t  buffer.  Slides  were  placed  in  10%  DAKO  Target  Retrieval  Solution  10X 
and  then  steamed  for  30  minutes  in  a  10  mM  Na  Citrate  bath  (pH  6.0)  at  95°C.  The  bath  and 
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slides  were  removed  from  the  steamer  and  cooled  for  30  minutes  until  the  temperature  reached 
50°C.  Endogenous  peroxidase  activity  was  then  blocked  by  incubating  the  slides  for  15  minutes 
in  a  3%  H202  solution  and  50  pi  of  Tween-20.  Nonspecific  protein-protein  interaction  was 
blocked  with  the  addition  of  200  pi  of  10%  fetal  bovine  serum/protein  block  solution  to  each 
slide  for  35  minutes.  The  primary  antibody  was  then  added  (200  pi  of  1:100  dilution  with  10% 
fetal  bovine  serum/protein  block  solution),  and  slides  were  incubated  at  room  temperature  for  90 
minutes.  Slides  were  washed  and  placed  in  a  TBS-t  bath.  DAKO  Envision  plus  Dual-link 
labeled  polymer  was  added  directly  to  the  slides,  which  were  then  incubated  for  30  minutes. 

After  the  slides  were  washed,  200  pi  of  DAKO  substrate  buffer/DAB  plus  chromogen  substrate 
was  added  to  the  slides,  and  the  slides  were  incubated  for  5  minutes  at  room  temperature.  Slides 
were  immersed  in  H20  to  stop  the  reaction,  counterstained  in  1:3  diluted  hematoxylin  (Dako 
#S3301 )  for  6  minutes,  and  rinsed  in  H20.  Scott’s  Bluing  reagent  was  applied  for  1  minute, 
followed  by  graded  alcohol  washes  and  then  xylene  incubation  for  4  minutes.  Immunostaining 
of  the  cell  membrane  and  cytoplasm  for  EGFR,  p-EGFR,  and  Her2/Neu  was  evaluated  by  light 
microscopy  using  a  20X  magnification  objective.  A  semi-quantitative  approach  was  used  to 
generate  a  score  for  each  tissue  core,  as  previously  described. (1 1)  The  percentage  of  positive 
tumor  and  epithelial  cells  per  foci  (0%  to  100%)  was  multiplied  by  the  dominant  intensity  pattern 
of  staining  (1,  negative  or  trace;  2,  weak;  3,  moderate;  and  4,  intense);  therefore,  the  overall 
score  ranged  from  0  to  400.  Antibody  specificity  was  confirmed  using  blocking  peptide  and 
phosphatase  incubation  experiments.  For  controls,  we  used  formalin-fixed  and  paraffin- 
embedded  pellets  from  lung  cancer  cell  lines  with  p-EGFR  overexpression  confirmed  by 
Western  blot  analysis. 
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Statistical  Analysis 

Fisher’s  exact  test  or  the  chi-square  test  was  used  to  evaluate  the  association  between  EGFR 
mutations  and  clinical,  pathologic,  and  demographic  features.  Kaplan-Meier  survival  curves 
were  estimated,  and  the  log-rank  test  was  applied  to  assess  the  differences  in  survival 
distributions  by  EGFR  mutations,  clinical  and  pathologic  variables.  The  Cox  proportional 
hazards  model  was  modeled  to  estimate  the  effect  of  EGFR  mutation,  KRAS  mutation,  and  other 
co variates  on  survival. 

RESULTS 

Clinical-pathological  Associations 

Of  our  first  cohort  of  159  patients,  14  had  EGFR  mutations,  and  18  had  KRAS  mutations. 
Patient  and  disease  characteristics  are  summarized  in  Table  1.  Eight  EGFR  mutations  occurred 
in  exon  19  (15  to  18-bp  in-frame  deletions),  one  occurred  in  exon  20  (exon  20  insertion),  and 
five  occurred  in  exon  21  (L858R  point  mutation).  Table  2  provides  details  on  the  14  patients 
with  EGFR  mutations.  Fifteen  KRAS  mutations  occurred  in  exon  12,  and  three  occurred  in  exon 
1 3.  None  of  the  patients  had  both  EGFR  and  KRAS  mutations.  EGFR  mutations  were  associated 
with  adenocarcinoma  histology  (p=0.002),  female  gender  (p=0.02),  never-smoker  status 
(p<0.0001),  and  Asian  ethnicity  (p=0.005).  Four  out  of  ten  adenocarcinomas  with 
bronchioloalveolar  component  demonstrated  EGFR  mutations  (range  20%  to  50%,  Figure  1, 
Table  2),  but  none  of  the  patients  with  pure  bronchioloalveolar  histology  (n=7)  had  an  EGFR 
mutation.  All  EGFR  mutated  lung  adenocarcinomas  where  mixed  histological  subtype  (World 
Health  Organization  Classification,  2004),  with  acinar  predominant  component  in  1 1,  papillary 
in  1  and  solid  in  2. 
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Patients  with  EGFR  mutations  were  more  likely  to  have  undergone  multiple  wedge 
resections  than  non-carriers  were  (28.5%  versus  7.5%,  p=0.03).  No  differences  in  any  other  type 
of  surgical  resection  were  found.  This  was  supported  by  a  trend  towards  having  synchronous 
primary  disease  or  lung  metastases  in  patients  with  EGFR  mutations  (36%  compared  to  17%  of 
those  without  the  mutation;  p=0.09).  Air  bronchograms  were  the  only  significant  radiographic 
findings  associated  with  the  EGFR  mutations  (22%  versus  2%;  p=0.004)  as  depicted  in  Figure  2. 

There  were  no  differences  between  patients  with  EGFR  mutations  and  those  without  in 
tumor  location,  tumor  margin  characteristics,  amount  of  extension  to  pleura,  pseudocavitation, 
amount  of  solid  tumor  component  within  the  tumors,  presence  of  spiculation,  or  amount  of 
pleural  thickening.  Although  statistically  not  significant,  the  median  pathologic  tumor  size  was 
smaller  in  patients  with  EGFR  mutations  (1 1.8  cm  versus  24.0  cm  ;  p=0.24).  There  was  no 
association  between  EGFR  mutation  and  age,  clinical  or  pathological  TNM  stage,  complications 
of  surgery,  location  of  the  primary  tumor,  pathological  features  of  tumor  aggressiveness,  or 
response  to  adjuvant  or  neoadjuvant  therapy.  EGFR  mutations  were  not  associated  with  family 
history  of  cancer,  number  of  immediate  family  members  with  cancer,  or  personal  history  of 
cancer.  Four  of  the  patients  with  EGFR  mutations  had  prior  cancers:  one  breast  ductal 
carcinoma  in  situ,  one  follicular  lymphoma,  one  lung  cancer,  and  one  basal  cell  carcinoma  of  the 
skin. 

We  conducted  a  limited  multivariate  logistic  regression  analysis  to  determine  the 
independent  predictors  for  the  EGFR  mutation.  This  analysis  determined  that  Asian  ethnicity 
(p=0.0004),  never-smoking  (p=0.0001),  and  multiple  wedges  (p=0.004)  were  the  only  features 
that  predicted  for  the  EGFR  mutation.  However,  this  reduced  model  was  handicapped  by  the 
small  number  of  patients  analyzed. 
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Survival  Analysis 

The  median  overall  survival  duration  in  patients  with  EGFR  mutations  was  shorter  than 
that  in  patients  without  the  mutation  (3.49  years  versus  4.29  years).  However,  this  difference  was 
not  statistically  significant  (p=  0.85)  and  did  not  account  for  the  effect  of  stage  (Figure  3).  After 
adjustment  for  stage,  the  presence  of  the  EGFR  mutations  did  not  appear  to  affect  survival 
duration  although  the  number  of  events  was  small  (figures  not  shown).  A  Cox  proportional 
hazard  model  showed  that  pathologic  stage  independently  determined  outcome  in  our 
population:  a  higher  stage  conferred  a  hazards  ratio  of  3.54  (pO.OOOl). 

Selected  Asian  Population  Analysis 

As  we  found  an  association  between  the  EGFR  mutations  and  Asian  ethnicity  in  our  first 
patient  cohort,  we  selected  tissue  samples  from  an  additional  second  cohort  of  22  Asian  patients 
from  the  tissue  bank  for  EGFR  analysis.  Twelve  patients  (55%)  had  the  mutation  (Table  3). 
Detailed  information  on  patient  ethnicity,  place  of  birth,  and  length  of  time  they  had  lived  in  the 
United  States  was  known  for  20  patients.  Eleven  of  12  patients  with  EGFR  mutations  were  bom 
in  Far  East  Asian  nations  (three  from  China,  four  from  Vietnam,  one  from  the  Philippines,  and 
three  from  Korea).  The  one  patient  bom  in  the  United  States  was  of  Greek  and  Filipino  descent. 
Six  of  these  patients  with  the  EGFR  mutation  had  lived  in  the  United  States  for  more  than  28 
years,  and  the  other  six  patients  had  lived  most  of  their  lives  in  Asian  countries.  Of  the  patients 
who  did  not  have  EGFR  mutations,  all  were  bom  in  Far  East  Asian  countries,  and  more  than 
50%  had  lived  in  the  United  States  for  more  than  twenty  years  (range  21  to  44  years).  Two 
patients  had  never  lived  in  the  United  States.  Data  on  length  of  time  lived  in  the  United  States 
and  Asia  was  missing  for  two  patients.  In  patients  who  had  lived  in  the  United  States  for  more 
than  20  years  (range  21-46  years;  n  =  12),  and  in  patients  who  had  lived  in  their  home  countries 
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most  of  their  lives  (n=8),  the  incidence  of  EGFR  mutation  was  similar,  6/12  (50%)  and  6/8 
(67%),  respectively. 

The  median  age  at  lung  cancer  diagnosis  was  64  years  (range,  36-84  years)  for  the  entire 
Asian  cohort,  with  equal  numbers  of  men  and  women.  The  median  age  at  diagnosis  of  patients 
with  EGFR  mutations  was  a  slightly  lower  than  those  who  did  not  have  the  mutation  (58.6  vs.  64 
years).  A  subset  analysis  of  patient  age  and  gender  (Table  4)  showed  that  the  median  age  of 
diagnosis  of  Asian  women  with  EGFR  mutations  was  lower  than  that  of  Asian  men  who  have  the 
mutations  and  Asian  patients  without  mutations.  However,  this  did  not  reach  statistical 
significance  due  to  the  small  number  of  patients  involved  in  this  study  (p=0.4). 
Immunohistochemistry  Analysis 

Tumors  with  EGFR  mutations  did  not  overexpress  cytoplasmic  or  membranous  EGFR  or 
p-EGFR  (Y1086).  Patients  who  had  EGFR  mutations  were  more  likely  to  have  low 
immunohistochemical  expression  of  EGFR  when  compared  to  patients  who  did  not  have  EGFR 
mutation  (77%  versus  35%,  p=0.02).  However,  there  was  no  difference  between  the  two  groups 
in  level  of  phosphorylated  EGFR  expression  in  both  the  cytoplasm  and  membrane.  There  was 
also  no  association  between  EGFR  mutations  and  the  presence  or  level  of  HER2/Neu  expression. 
DISCUSSION 

Prior  clinical  studies  on  EGFR  mutations  in  NSCLC  report  a  higher  frequency  in  women 
with  adenocarcinoma,  Asian  patients,  and  non-smokers. (2-5,  8,  12)  Although  our  retrospective 
analysis  was  limited  by  small  sample  sizes  and  availability  of  patient  medical  records,  we  were 
able  to  confirm  the  clinical  findings  of  earlier  studies  and  also  expand  the  clinical  profile  of 
patients  likely  to  harbor  EGFR  mutations.  In  our  study,  tumors  with  these  mutations  were  more 
likely  to  be  associated  with  air  broncho  grams  but  no  other  distinguishing  radiographic  features. 
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This  finding  should  be  considered  with  caution  as  there  are  so  few  patients  evaluated.  Although 
the  differences  were  not  statistically  significant,  tumors  with  the  EGFR  mutation  were  smaller  in 
volume  and  were  more  likely  to  metastasize  to  the  lung  or  present  as  synchronous  tumors. 

Patients  with  EGFR  mutations  did  not  have  more  previous  malignancies,  indicating  that  these 
mutations  arise  de  novo  in  the  majority  of  cases.  Also,  the  lack  of  family  history  of  cancer 
suggests  that  a  germ-line  predisposition  to  acquiring  these  mutations  is  not  present. 

Our  second  cohort  of  Asian  patients  was  limited  in  number  (n=22)  and  by  the  nature  of  a 
retrospective  analysis.  However,  two  important  observations  are  seen  from  this  study.  First,  our 
analysis  showed  a  similar  incidence  of  EGFR  mutations  in  Asian  patients  who  had  lived  in  the 
United  States  for  more  than  20  years  (50%)  as  compared  to  patients  living  in  Asian  countries 
most  of  their  lives  (67%).  This  finding  suggests  that  the  development  of  a  mutation  in  the  EGFR 
gene  is  not  related  to  the  environment  but  is  instead  dependent  on  a  strong  genetic  predisposition. 
This  concept  is  supported  by  the  differences  in  the  length  of  the  EGFR  intron  1  polymorphic  CA 
dinucleotide  repeat  (CA-SSR  1)  between  Japanese  and  Chinese  and  Caucasian  and  African 
American  populations.(13)  hr  Asian  patients,  the  repeat  lengths  are  considerably  longer  than  are 
those  found  in  Caucasian  and  African  American  patients.  It  is  of  interest  that  the  length  of  repeat 
sequences  influences  EGFR  gene  expression,  with  longer  lengths  leading  to  less  gene 
transcription. (14)  The  effect  that  these  and  other  genetic  polymorphisms  have  on  the  rate  of 
mutation  in  the  EGFR  gene  is  unknown  and  provides  a  strong  rationale  for  conducting  further 
molecular  epidemiological  studies. 

Secondly,  we  report  a  younger  median  age  of  developing  lung  cancer  in  the  Asian 
women  with  the  EGFR  mutation  (Table  4).  This  result  should  be  viewed  with  caution  due  to  the 
very  small  sample  size  and  the  lack  of  statistical  significance.  However,  this  observation  is 
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important  as  it  suggests  that  the  estrogen  pathway  (patients  were  in  the  pre-menopausal  age 
group)  may  play  a  critical  role  in  the  early  onset  of  carcinogenesis  in  Asian  patients  with  EGFR 
gene  mutations.  We  did  not  see  this  wide  age  difference  between  the  genders  in  our  first  cohort 
of  predominantly  Caucasian  patients,  but  it  is  interesting  that  the  one  Asian  female  in  that  first 
cohort  was  45  years  old.  There  may  also  be  some  variation  in  the  effect  of  gender  among  the 
Asian  ethnicities.  A  previous  report  by  a  Japanese  group(15)  noted  no  difference  in  age  between 
the  women  with  EGFR  mutations  and  other  male  patients.  Our  cohort  did  not  include  any 
J  apanese  female  patients,  but  instead  consisted  of  women  of  Chinese,  Vietnamese,  Filipino,  and 
Korean  ethnicities.  A  recent  report  by  a  group  from  Taiwan  evaluated  39  Chinese  patients  with 
EGFR  mutations(16)  and  found  the  median  age  in  women  was  62  years  compared  with  68  years 
m  men. 

Although  our  findings  of  Asian  women  with  the  EGFR  mutation  developing  NSCLC  at 
an  earlier  age  are  preliminary,  there  is  compelling  evidence  to  consider  the  role  of  estrogen  as  a 
carcinogenic  promoter  in  these  patients.  First,  it  is  well  known  that  female  gender  is  an 
independent  risk  factor  for  the  development  of  NSCLC  and  that  premenopausal  women  present 
with  more  aggressive  disease. ( 17-21)  Secondly,  estrogens  may  act  as  tumor  promoters  or  direct 
carcinogens  with  DNA  adduct  formation(23,  25-29).  Thirdly,  Stabile  et  al.  report  a  functional 
interaction  between  the  estrogen  receptor  and  the  EGFR  pathways  in  NSCLC. (25,  30)  This  study 
also  finds  synergistic  anti-tumor  effects  with  fulvestrant  (estrogen  receptor  antagonist)  and 
gefitinib  (EGFR  tyrosine  kinase  inhibitor)  in  murine  xenografts  and  NSCLC  cell  lines.  Although 
this  analysis  did  include  a  cell  line  with  a  EGFR  mutation  (273T  heterozygous  point  mutation  at 
exon  18  nucleotide  2180),  conclusions  on  the  effect  of  estrogen  cannot  be  drawn  as  it  is  not  one 
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of  the  typical  mutations  found  in  patients  with  NSCLC.  The  role  of  gender  on  EGFR  mutation 
is  unclear  at  this  time  but  should  be  explored  further. 

In  our  laboratory  analysis,  we  found  low  immunohistochemical  expression  of  both  EGFR 
and  phosphorylated  EGFR  at  site  Y1086  in  tumors  of  patients  with  EGFR  mutations.  This 
apparently  conflicts  with  the  premise  that  the  mutations  in  the  EGFR  tyrosine  kinase  domain  are 
activating  mutations  (L747-P753insS,  L858R)  with  higher  phosphorylation  capability. (2)  Our 
study  is  not  the  first  to  report  this  difference.  Pao  et  al.(5)  conducted  functional  studies  on 
receptor  mutations  in  exon  19  (del  L747-S752,  del  E746-A750)  and  reported  low  kinase  activity. 
This  was  seen  with  both  low  autophosphorylation  Y1092  (p-EGFR)  and  low  tyrosine- 
phosphorylated  proteins  when  compared  to  wild-type  EGFR  assays.  It  is  therefore  possible  that 
the  mechanism  of  EGFR  tyrosine  kinase  inhibitor  sensitivity  does  not  occur  via  intrinsic 
enhanced  receptor  tyrosine  kinase  activity  but  may  be  due  to  altered  receptor-substrate  binding 
capability.  It  is  also  plausible  that  de  novo  mutations  in  the  EGFR  gene  may  lead  to  variable 
protein  expression  with  some  dominant  activating  mutations  and  others  that  affect  substrate 
binding.  In  support  of  this  premise,  there  are  at  least  seven  different  phosphorylation  sites  for 
EGFR,  and  the  distinct  mutations  appear  to  have  preferential  phosphorylation  patterns.  The 
L858R  mutation  is  associated  with  phosphorylation  at  sites  Y845  and  Y1092;  whereas 
phosphorylation  of  sites  Y992  and  Y1068  are  associated  with  both  the  L858R  mutation  and 
deletion  of  exon  19.(2,  5,  31)  Phosphorylation  at  sites  Y1 173  and  Y1045  do  not  appear  to  be 
associated  with  either  mutation.(31)  The  lack  of  association  found  in  our  study  between  p-EGFR 
and  EGFR  mutation  could  be  explained  by  the  fact  that  our  analysis  focused  solely  on  the  Y1086 
phosphorylation  site.  We  plan  to  further  document  the  preferential  phosphorylation  patterns  of 
the  distinct  EGFR  mutations.  Further  molecular  studies  to  clarify  the  biology  of  these  mutations 
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is  necessary  to  understand  the  efficacy  of  tyrosine  kinase  inhibitor  treatment  and  development  of 
tumor  resistance. 

CONCLUSION 

In  conclusion,  our  analysis  reports  the  following  characteristics  to  be  associated  with  the 
EGFR  mutation:  female  gender,  Asian  ethnicity,  adenocarcinoma  histology,  never-smoker  status, 
presence  of  multiple  lung  lesions,  and  air  bronchograms  on  imaging.  In  our  Asian  cohort,  the 
results  suggest  an  inherent  and  non- environmental  susceptibility  to  development  of  EGFR 
mutations.  There  is  also  some  speculation  that  Asian  women  with  the  EGFR  mutations  may 
develop  adenocarcinoma  at  an  earlier  age  than  other  patients.  Further  studies  on  the  interaction 
o  f  estrogen  with  EGFR  pathway  are  warranted  and  continued  efforts  to  define  the  mechanism  of 
tyrosine  kinase  inhibitor  sensitivity  are  needed  to  optimize  cancer  therapy. 
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FIGURE  LEGENDS 


Figure  1 .  Microphotographies  of  two  representative  lung  adenocarcinomas  with  EGFR 
mutations  (hematoxylin  and  eosin  stained).  Pictures  a  (lOOx)  and  b  (200x)  are  from  a  lung 
adenocarcinoma  with  a  point  mutation  L858R  (T  to  G)  in  exon  21  (c)  and  with  invasive  acinar 
and  solid  patterns  (a  and  b),  and  without  any  bronchioloalveolar  component  in  the  periphery. 
Pictures  d  (1  OOx)  and  e  (200x)  were  obtained  from  a  lung  adenocarcinoma  having  a  15bp  (746- 
750)  in- frame  deletion  mutation  in  exon  19  (/),  and  with  a  predominant  invasive  acinar 
component  (e)  and  some  areas  of  bronchioloalveolar-like  pattern  (-20%)  in  the  periphery  (d). 

Figure  2.  Two  lung  tumors  cases  with  EGFR  mutations  showing  invasive  adenocarcinoma 
histology  features  (mostly  acinar  pattern,  a  and  c)  and  corresponding  chest  computer  tomography 
images  ( b  and  d).  Computed  tomography  radiographs  ( b  and  d)  show  2  cases  of  non-small  cell 
lung  cancer,  (b)  right  upper  lobe,  (d)  right  lower  lobe,  manifesting  as  ill-defined  nodules.  Note 
air  bronchograms,  which  correlate  with  EGFR  mutation  status,  (black  arrows). 

Figure  3.  Survival  by  presence  of  EGFR  and  KRAS  mutations 
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Table  1 .  Patient  and  tumor  characteristics  by  EGFR  mutation  status 


Characteristics 


Patients  with 
EGFR  Mutations 
(n=14) _ 


Patients  without 
EGFR  mutations 
(n-145) _ 


Mean 

64 

66 

Median 

66 

68 

Range 

45-77 

40  -90 

Gender 

Female 

11 

63 

Male 

-> 

82 

Ethnicity 

African- Ameri  can 

0 

8 

Asian 

3 

1 

Caucasian 

10 

129 

Hispanic 

1 

7 

Prior  Cancer  History 

Yes 

5 

44 

No 

9 

101 

Smoking  Status 

Never 

8 

15 

Current 

0 

49 

Former 

6 

81 

Histology 

Adenocarcinoma* 

14 

75 

Bronchioloalveolar 

0 

7 

Squamous  Cell 

0 

63 

Pathologic  Stage 

I 

11 

80 

11 

0 

28 

III 

3 

30 

IV 

0 

7 

Synchronous  Primary  or 

Lung  Metastasis 

Present 

6 

25 

Absent 

8 

120 

Tumor  Size  (cm  ) 

Median 

11.8 

24 

Range 

5.1  -  1080 

0.36- 

Overall  Survival  (years) 

Median 

3.49 

4.29 

p=0.02 


p=0.005 


p<0.0001 


p=0.002 


Includes  10  adenocarcinomas  with  bronchioloalveolar  features,  4  with  and  6  without  the  EGFR 
mutation. 
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Table  2.  Clinical-Pathologic  features  of  patients  with  lung  adenocarcinoma  EGFR  mutants  from  the  first  cohort 
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Table  3.  Patient  Demographics  of  the  Asian  cohort 
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Table  4.  Age  analysis  of  the  Asian  cohort  of  patients  with  and  without  h(>l  R  mutations 
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Abstract: 

A  therapeutic  approach  being  investigated  for  a  variety  of  pathologies  is  tissue 
regeneration  using  a  patient’s  own  cells.  Such  studies  have  been  hampered  due  to  the  difficulty 
in  growing  epithelial  cells  for  prolonged  periods  in  culture.  Replicative  senescence  due  to  short 
telomeres  and  pi 6  induced  by  culture  stress  work  together  to  inhibit  cell  growth.  Forced 
expression  of  telomerase  (hTERT)  can  prevent  replicative  senescence,  and  expression  of  the  cell 
cycle  protein  cdk4  can  sequester  pi 6,  thereby  immortalizing  epithelial  cells  in  culture.  In  the 
present  study  we  used  this  method  to  immortalize  human  bronchial  epithelial  cells  (HBECs)  to 
determine  whether  immortalized  HBECs  retain  the  ability  to  differentiate  normally.  HBECs  were 
plated  atop  contracted  collagen  gels  containing  lung  fibroblasts.  This  three-dimensional  (3D) 
tissue  model  was  cultured  initially  submerged,  then  raised  to  the  air/liquid  interface  for  up  to  28 
days.  Normal  differentiation  was  assessed  by  the  presence  of  ciliated  cells,  goblet  (mucin- 
producing)  cells,  and  basal  epithelial  cells.  Scanning  electron  microscopic  observations  revealed 
both  ciliated  and  non  ciliated  cells  in  these  3D  tissues.  Histological  examination  revealed  the 
presence  of  mucin-producing  cells,  and  immunohistochemistry  using  antibodies  against  p63  and 
keratin  14  showed  the  presence  of  basal  cells.  These  results  demonstrate  that  immortalized 
HBECs  retain  the  capacity  to  differentiate  into  each  of  three  cell  types:  basal,  mucin-producing, 
and  columnar  ciliated  epithelial  cells.  Such  cells  will  be  useful  cellular  reagents  for  research  in 
aging,  cancer  progression,  as  well  as  normal  bronchial  epithelial  differentiation  and  will  help 
progress  the  use  of  engineered  cells  to  enhance  tissue  regeneration. 

Key  Words:  Telomerase,  immortalization,  ciliogenesis,  mucin,  human  bronchial 
epithelial  cells;  organotypic  culture,  basal  cell,  stem  cell. 
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Introduction: 

Tissue  engineering  offers  great  promise  for  the  generation  of  therapeutic  materials  for  the 
replacement  of  damaged  organs.  There  has  been  significant  success  in  producing  artificial  skin 
by  combining  dermal  fibroblasts  in  contracted  collagen  gels  with  human  keratinocytes  (Vaughan 
et  ah,  2004;  Auger  et  al.,  1998),  and  in  creating  three  dimensional  cultures  reproducing  some  of 
the  characteristics  of  a  cornea  by  combining  keratocyes  with  corneal  epithelial  cells  (Reichl  et  ah 
2004;  Taliana  et  ah,  2001).  Both  of  these  systems  exhibit  a  stratified  squamous  epithelium.  There 
has  only  been  very  limited  success  in  producing  artificial  tissues  using  other  types  of  epithelium 
such  as  bronchial  epithelium  (Choe  et  ah,  2003;  Paquette  et  ah,  2003).  A  major  problem  in  the 
development  of  such  tissues  is  the  availability  of  normal  human  cells  capable  of  reproducing  the 
diversity  of  cell  types  seen  in  vivo.  Lack  of  sufficient  cell  numbers  is  especially  evident  when 
cells  are  harvested  from  older  individuals  (Harley,  2002).  The  limited  lifespan  of  human  cells 
and  the  variability  encountered  when  using  primary  cultures  from  human  biopsies  further 
complicates  the  difficulties. 

Replicative  senescence  is  a  phenomenon  associated  with  progressive  telomere  shortening. 
With  every  cell  division  a  cell’s  telomeres  shorten  until  some  of  the  telomeres  reach  a  critically 
short  length  where  the  cells  are  signaled  to  stop  dividing.  This  occurs  in  fibroblasts  (Harley  et  al., 
1 990;  1992)  and  in  epithelial  cells  that  have  minimized  the  effects  of  pl6  in  culture  (Ramirez  et 
al.,  2003).  Overexpression  of  the  catalytic  subunit  of  the  telomerase  enzyme,  hTERT,  stabilizes 
telomere  length  and  allows  greatly  extended  or  unlimited  proliferation  potential  of  cells  in 
culture  without  causing  oncogenic  transformation  (Harley,  2002;  Herbert  et  al.,  2002;  Harada  et 
ah,  2003;  Lee  et  al.,  2003;  Morales  et  ah,  2003;  Alvero  et  ah,  2004;  Ramirez  et  ah,  2004). 
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Previous  studies  have  shown  that  hTERT  alone,  or  hTERT  in  the  absence  of  pi  6  effects, 
not  only  immortalizes  cells  in  culture  but  also  allows  the  cells  to  retain  their  normal 
differentiation  and/or  function  (Dickson  et  ah,  2000;  Harley  2002,  Forsyth  et  al.,  2003;  Wootton 
ct  ah,  2003;  Abdallah  et  ah,  2005).  We  have  previously  shown  that  immortalized  keratinocytes 
ret  ain  the  ability  to  differentiate  and  function  normally  within  the  context  of  an  organotypic 
construct  (Ramirez  et  ah,  2003).  This  important  step  implied  that  immortalized  cells  might  be 
useful  in  tissue  regeneration.  More  recently  we  have  shown  that  human  bronchial  epithelial  cells 
can  be  immortalized  by  overexpression  of  cdk4  (to  bypass  the  inhibitory  effects  of  pl6  of  cells 
growing  in  plastic  culture  dishes  in  normal  atmospheric  oxygen  levels)  and  hTERT.  Since 
patients  with  respiratory  diseases  such  as  cystic  fibrosis  and  lung  cancer  could  potentially  benefit 
from  tissue  engineering  or  regeneration  therapy,  the  purpose  of  this  study  was  to  determine 
whether  immortalized  FIBECs  can  retain  normal  differentiation  potential  and  promote  the 
establishment  of  bronchial  epithelial  tissue  in  a  simplified  three-dimensional  organotypic 
environment. 
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Methods 

Cell  cultures:  Bronchial  epithelial  cells  were  isolated  and  cultured  as  previously  described 
(Ramirez  et  ah,  2004).  In  brief,  cells  were  grown  from  explant  cultures  of  non-involved  areas  of 
lung  tissue  removed  during  cancer  surgery.  Subsequent  cultures  were  grown  on  collagen-coated 
dishes  in  serum-free  media  (KSFM;  GIBCO)  containing  50  ug  mL'1  gentamicin  sulfate.  Cells 
were  rctrovirally-infected,  first  to  overexpress  the  cell-cycle  protein  cdk4  followed  by 
overexpression  of  the  catalytic  component  of  telomerase  (hTERT)  (Ramirez  et  ah,  2003).  Each 
culture  was  passaged  beyond  100  population  doublings  to  determine  in  vitro  immortality. 
Immortal  bronchial  epithelial  cells  from  four  patients  were  used  in  this  study  and  designated 
HBEC  1,  2,  3,  and  4.  HBEC  cells  were  also  plated  at  very  low  density  to  allow  clonal  expansion. 
4  clones  from  each  of  the  3  HBEC  populations  were  isolated  to  use  in  subsequent  experiments. 
Human  embryonic  lung  fibroblasts  (IMR90)  (ATCC,  CCL-186)  were  maintained  in  four  parts 
Dulbecco's  modified  Eagle's  medium  to  one  part  Medium  199  supplemented  with  10%  Cosmic 
calf  serum  (HyClone)  and  50  ug  mL-1  gentamicin  sulfate.  All  cell  cultures  were  kept  in  log 
phase  growth  until  ready  to  use. 

Organotypic  culture:  (figure  1):  Cultures  were  established  as  previously  described  for  skin 
equivalents  (Vaughan  et  ah,  2004)  except  that  airway  cells  were  used  in  place  of  skin  cells. 
Briefly,  type  I  collagen  and  IMR90  fibroblasts  were  mixed  and  allowed  to  polymerize  (figure 
1 B,  top).  The  collagen  gels  were  released  and  incubated  for  a  period  of  4  to  10  days  to  allow  the 
fibroblasts  to  contract  the  gels  (figure  IB,  bottom),  creating  a  ‘mucosa’.  Cloning  rings  were  then 
placed  atop  the  gels  and  HBEC  cells  were  plated  into  the  rings  at  a  concentration  of  2  x  10  /cm  . 
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After  allowing  the  cells  to  attach  for  4  hours,  the  rings  were  removed  and  organotypic  cultures 
submerged  for  4  days  in  keratinocyte  feeder  layer  media  containing  ascorbic  acid,  then  emerged 
to  the  air-liquid  interface  (figure  1C)  for  up  to  28  days  in  culture,  after  which  time  the  cultures 
were  harvested,  fixed,  and  prepared  for  histology  and  Immunohistochemistry. 

Histology  and  immunohistochemistry:  Certain  organotypic  cultures  were  immersed  in  10% 
neutral  buffered  formalin  overnight  at  4°C  followed  by  dehydration  and  paraffin  embedding, 
while  others  were  preserved  in  4%  paraformaldehyde  and  subsequently  embedded  in  OCT 
compound  and  frozen  (Halliday  and  Tomasek,  1995).  5  and  10pm  sections  were  then  rehydrated 
and  stained  with  hematoxylin  and  eosin  to  view  overall  morphology  using  a  technique  available 
online  (http://www.protocol-online.org/prot/Histology/Staining/).  Rehydrated  unstained  tissues 
were  incubated  in  the  presence  of  antibodies  against  p63  (clone  63p02),  keratin  14  (clone 
LL002),  Ki67  (clone  SP6),  and  mucin  (clone  MUC5AC)  (Neomarkers;  LabVision  Corp). 

Paraffin  sections  incubated  with  primary  antibodies  were  stained  using  a  kit  (Vecta-Stain,  Vector 
Labs)  followed  by  a  DAB  kit  (Vector  Labs)  and  subsequently  mounted.  Keratin  14-incubated 
frozen  sections  were  followed  by  a  fluorescent  secondary  antibody  (rhodamine  red;  Molecular 
Probes,  Eugene,  OR)  and  subsequently  mounted  in  an  aqueous  media  with  the  nuclear-staining 
DAPI  (Vectashield  with  DAPI;  Vector  Labs).  Stained  slides  were  then  viewed  using  an 
Axioscop-2  or  Axioplan-2E  microscope  (Carl  Zeiss,  Thomwood,  NY,  USA;  www.zeiss.com) 
and  photographed  with  an  Axiocam  MRC  color  digital  camera  (Zeiss)  or  Hamamatsu  ORCA 
monochrome  CCD  camera  (Hamamatsu;  Bridgewater,  NJ;  www.hamamatsu.com). 
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Ultrastructure:  Specimens  for  scanning  electron  microscopy  (SEM)  were  fixed  in  2% 
glutaraldehyde  in  O.Olmol/L  sodium  cacodylate  buffer  and  subsequently  stained  with  2% 
osmium  tetroxide.  The  tissues  were  then  dehydrated  in  ethyl  alcohol  and  critical  point  dried 
using  liquid  carbon  dioxide.  The  dried  specimens  were  mounted  on  aluminum  stubs  and  coated 
with  gold- palladium  prior  to  SEM  study.  SEM  images  were  obtained  using  a  JEOL  model  JSM- 
840 A  microscope  operated  at  an  accelerating  voltage  of  10  kV  and  a  probe  current  of  6X 10 
Digital  images  were  captured  using  OpenLab  software  (Improvision;  Lexington,  MA; 
www .  i  mpro  vision,  com/) . 
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Results: 

Human  bronchial  epithelial  cells  (HBEC)  form  a  layer  of  epithelial  cells  on  the  surface  of 
the  organotypic  culture 

Normal  human  bronchial  epithelium  is  composed  of  pseudostratified  columnar 
epithelium  containing  ciliated  cells,  goblet  cells,  and  basal  cells  (figure  1  A).  H&E-stained 
paraffin  sections  using  HBECs  from  various  donors  and  placed  in  3-D  organotypic  culture 
( figure  1 B  and  C)  demonstrate  a  confluent  layer  of  cells  on  the  upper  surface  of  the  culture.  The 
cells’  morphology  ranged  from  squamous  to  high  cuboidal,  often  appearing  to  be  multi-layered 
or  pseudostratified  (figure  2A).  Since  bronchial  epithelium  is  known  to  contain  both  goblet 
secretory  cells  and  ciliated  cells,  we  immunostained  sections  with  an  antibody  against  the 
secretory  product  mucin  to  observe  mucous-producing  cells  (Groneberg  et  al.,  2002),  which 
appeared  to  be  scattered  throughout  the  surface  (figure  2B).  Cilia-like  structures  were  also 
observed  in  some  of  the  cells  (figure  2A,  2B).  In  contrast  to  normal  epithelium,  metaplastic 
human  bronchial  epithelium  changes  to  a  stratified  squamous  epithelium  (figure  2C).  In  some 
organotypic  cultures,  especially  those  using  HBEC1  derived  from  a  long-time  smoker,  stratified 
squamous  epithelium  similar  to  metaplasia  was  observed  (figure  2D).  Upon  cytogenetic 
examination,  HBEC1  was  determined  to  have  several  alterations  not  present  in  the  other  cell 
lines  (data  not  shown). 

Basal  and  stem  cell  markers  detected  in  the  epithelial  compartment  of  organotypic  culture 

Basal-like  cells  of  the  bronchus  function  as  stem  cells  (Inayama  et  al.,  1988;  1989;  Hong 
et  ah,  2004)  and  express  the  stem  cell  markers  p63  (Wang  et  ah,  2002;  Reis-Filho  et  ah,  2003; 
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Daniely  et  al.,  2004)  and  keratin  14  (Broers  et  al.,  1989;  Wetzels  et  al.,  1992;  Nakajima  et  al., 

1 998;  Reis-Filho  et  al.,  2003).  To  determine  the  presence  of  these  markers  we  immunostained 
3D  organotypic  tissue  sections.  Using  frozen  sections  we  observed  the  presence  of  keratin  14  in 
basal-like  cells  of  the  organotypic  constructs  (figure  3A),  while  using  paraffin  sections  we 
detected  the  presence  of  p63  in  the  basal  cells  (figure  3B).  We  also  immunostained  organotypic 
constructs  to  determine  whether  the  proliferation  antigen  Ki67  was  present.  Paraffin  sections 
demonstrated  only  the  sporadic  presence  of  Ki67  in  the  organotypic  constructs  and  these  did  not 
co-localize  to  the  p63  expressing  cells  (figure  3C). 

Apical  surface  differentiated  phenotype  developed  in  organotypic  cultures  of  immortalized 
HBECs 

We  next  prepared  organotypic  cultures  for  ultrastructural  analysis  of  the  apical  surface. 
Scanning  electron  micrographs  of  organotypic  cultures  revealed  the  presence  of  cilia  at  various 
stages  of  differentiation  (figure  4).  In  addition,  cells  with  large  blebs  on  the  surface  were 
observed  and  these  may  be  goblet  cells.  Often  multiple  cell  types  were  present  in  the  same  field. 
Large  areas  of  ciliated  cells  were  not  present  prior  to  28  days  at  the  air/liquid  interface,  although 
cells  with  small,  cilia-like  projections  similar  to  those  seen  in  the  lower-right  image  of  figure  4 
were  observed  in  every  sample  taken.  Interestingly,  ciliated  cells  of  the  organotypic  tissue  as  a 
whole  were  not  evenly  distributed;  rather,  small  areas  of  the  tissue,  frequently  near  the  edge 
close  to  the  membrane,  contained  the  majority  of  cells  with  long  cilia,  while  other  areas, 
especially  at  the  high  point  near  the  middle  of  the  tissue,  contained  cells  with  short  cilia. 
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HBEC  clones  function  as  multipotent  stem  cells 

Stem  cells  of  the  bronchus  have  been  shown  to  produce  three  cell  types:  ciliated,  mucus- 
producing,  and  basal  cells  (Inayama  et  ah,  1989;  Engelhardt  et  al.,  1995;  Hong  et  al.,  2004).  To 
determine  whether  immortalized  HBECs  could  act  as  restricted-lineage  stem  cells,  we  isolated 
single  cells  and  picked  individual  clones  from  HBECs  3  and  4  for  use  in  organotypic  cultures 
using  conditions  similar  to  the  above  studies.  Results  using  HBEC3  and  HBEC4  showed 
ciliogenesis,  cell  morphologically  resembling  goblet  cells  (mucin+),  and  protein  expression 
levels  similar  to  the  mixed  populations  (data  not  shown).  Thus,  the  immortalized  HBECs  are 
multipotential. 
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Discussion: 

The  ability  to  extend  the  lifespan  or  reversibly  immortalize  cells  without  altering  their 
phenotype  would  allow  expansion  of  a  patient’s  biopsied  cells  ex  vivo  and  permit  the 
construction  of  simplified  tissues,  with  the  long-term  goal  of  returning  these  tissues  to  the 
patient.  Previous  studies  have  shown  that  overexpression  of  the  telomere-stabilizing  enzyme 
tclomerase  is  sufficient  to  immortalize  fibroblasts  (Bodnar  et  al.,  1998;  Vaziri  and  Benchimol, 

1 998).  Epithelial  cells  have  been  more  difficult  to  immortalize  in  vitro ,  probably  because 
appropriate  culture  conditions  that  do  not  stress  the  cells  are  lacking  (Ramirez  et  al.,  2001, 

Wright  and  Shay,  2002).  For  these  cells  it  has  been  necessary  to  inactivate/bypass  the  stress-  and 
senescence-related  pi 6™^  protein  (by  overexpressing  cDNAs  such  as  cdk4  or  expression  of 
viral  oncoproteins  such  as  HPV16  E7),  (Kiyono  et  al.,  1998;  Rheinwald  et  ah,  2002,  Sviderskaya 
ct  ah,  2003)  or  by  preventing  the  culture-induced  stress  activation  in  the  first  place  (e.g  culturing 
the  cells  on  feeder-layers).  Bronchial  epithelial  cells  have  been  immortalized  using  various 
methods  (see  table  1),  each  of  which  can  give  rise  to  either  ciliated  or  mucus  cells,  or  both. 
However,  each  method  employs  the  use  of  viral  oncoproteins,  which  can  lead  to  genomic 
instability.  In  one  study  (Zabner  et  ah,  2003),  the  ciliated  phenotype  was  inhibited  with  culture 
time,  possibly  due  to  the  use  of  viral  oncoproteins.  We  have  shown  previously  that  skin  epithelial 
keratinocytes  (Ramirez  et  ah,  2003)  can  be  immortalized  in  vitro  by  overexpression  of  hTERT 
and  the  cell  cycle  protein  cdk4  without  affecting  their  difterentiation  profile.  Inadequate  culture 
conditions  induce  the  cells  to  express  pi 6,  which  probably  binds  to  the  overexpressed  cdk4, 
thereby  sequestering  pl6  and  allowing  further  proliferation  in  the  presence  of  culture  stress.  We 
have  recently  shown  that  bronchial  epithelial  cells  will  also  immortalize  by  overexpression  of 
hTERT  and  cdk4  (Ramirez  et  ah,  2004).  Herein  we  show  that  these  cells  will  also  differentiate 
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and  produce  bronchial  epithelial-like  tissue  in  a  three  dimensional  simplified  organotypic  culture 
environment. 

Normal  bronchial  epithelium  contains  ciliated  epithelial  cells,  mucin-producing  cells,  and 
basal  cells  that  can  proliferate  and  differentiate  into  each  of  the  3  major  cell  types  (Inayama  et 
al.,  1989;  Otto,  2002;  Hong  et  al.,  2004).  In  our  studies  immortalized  bronchial  epithelial  cells 
from  3  different  patients  were  able  to  produce  ciliated,  mucin,  and  basal  cells  based  on 
characteristic  protein  expression  and  morphological  observations.  In  addition,  isolated  clones 
from  2  patients  were  able  to  produce  3  major  cell  types  present  in  bronchial  epithelium.  In  this 
regard,  the  clones  function  as  multipotent  cells.  While  it  is  possible  that  the  multipotent  cells  that 
immortalized  might  be  true  stem  cells,  it  is  also  possible  that  they  might  be  dedifferentiated 
epithelial  cells  (Blau  et  al,  2001)  or  non-stem  cell  basal  cells.  Nevertheless,  this  demonstrates 
the  presence  in  vivo  of  bronchial  cells  that,  if  necessary,  can  be  harvested  and  manipulated  in 
order  to  produce  bronchial  cells  with  the  ability  to  regenerate  normal  tissue  as  needed.  Such 
tissues  can  be  useful  both  for  basic  research  or  to  rebuild  tissue  damaged  by  trauma  or  cancerous 
lesions.  These  tissues  can  be  important  tools  to  study  effects  of  toxins,  to  study  cancer 
progression,  and  may  complement  animal  models  often  employed  in  respiratory  system  research. 
In  addition,  this  3D  organotypic  model  can  be  used  to  test  new  chemopreventive  drugs  and  study 
their  effects  on  “normal”  or  “preneoplastic”  epithelia,  providing  valuable  information  regarding 
chemopreventive  agents  as  well  as  potential  side  effects.  Before  attempting  to  use  such  tissues  in 
human  grafting,  it  will  likely  be  necessary  to  use  xenografts  onto  nude  mice  to  understand  long¬ 
term  effects,  since  it  is  difficult  to  maintain  organotypic  tissues  in  vitro  for  longer  than  2  months. 
Xenografts  of  bionchial  tissue  and  organotypic  constructs  have  been  successfully  performed  as 
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subcutaneous  implants  in  mouse  skin,  so  the  feasibility  of  this  approach  has  already  been  tested 
(Engelhardt  et  al.,  1992;  Inayama  et  al.,  1989;  Yankaskas  et  ah,  1993). 

An  interesting  observation  is  that  none  of  the  clones  gave  rise  to  only  ciliated  epithelium 
or  mucin-producing  cells.  This  implies  that  more-committed  cells  either  do  not  immortalize  or 
clone  well,  or  that  more-committed  cells  de-differentiate  into  a  stem  cell  during  the  culturing 
process.  The  latter  idea  has  been  postulated  elsewhere  (Blau  et  ah,  2001).  While  it  is  beneficial  to 
provide  all  three  cell  types,  it  would  be  interesting  to  have  the  ability  to  provide  each  as  needed, 
especially  to  study  the  differentiation  pathway. 

We  observed  what  appeared  to  be  multilayering  in  some  constructs  and  occasional 
hyperproliferation  at  discrete  areas  of  the  constructs.  Multilayering  has  been  shown  in  other 
studies  using  normal  bronchial  epithelium  (Paquette  et  ah,  2003)  and  could  be  attributed  to  the 
culture  media  that  are  formulated  to  promote  proliferation  and  inhibit  differentiation.  Some  have 
suggested  that  retinoic  acid  may  inhibit  the  skin-like  morphology  of  bronchial  epithelium  (Jetten, 
1 989;  Sachs  et  ah,  2003)  and  might  be  necessary  for  ciliary  and  mucous  cell  development  (Gray 
et  ah,  1996;  Koo  et  ah,  1999).  While  we  were  successful  in  obtaining  ciliogenesis  using  the 
current  medium  formulation,  future  modifications  of  the  medium  such  as  switching  to  a  more 
basal  media  at  late  time  points,  or  performing  xenograft  studies  may  result  in  different  outcomes. 
In  addition,  tissues  in  vivo  are  under  tension;  tension  affects  fibroblast  phenotype  (Grinnell, 
2000;  2003).  Tension  may  also  affect  the  bronchial  epithelial  phenotype  as  well  (Choe  et  ah, 
2003).  The  organotypic  construct  as  described  here  is  not  under  tension,  which  may  be  a  reason 
for  the  appearance  of  multilayering  seen  here  and  elsewhere;  current  studies  are  underway  to 
address  the  effects  of  tension  on  bronchial  epithelium. 
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Immortalizing  cells  in  culture  and  returning  them  to  an  individual  may  in  the  future  be 
helpful  as  a  short-term  solution  to  tissue  regeneration.  However,  it  is  possible  that  long-term 
effects  may  be  harmful.  An  alternate  solution  would  be  to  briefly  immortalize  only  during  the 
regeneration  process.  We  have  used  an  excisable  system  to  briefly  express  hTERT  in  fibroblasts 
( Steinert  et  al.,  2000).  A  similar  system  could  be  used  to  express  hTERT  and  cdk4  to  allow 
expansion  in  culture.  These  cells  could  then  be  returned  to  the  patient,  perhaps  in  the  context  of 
an  organotypic  construct,  to  promote  normal  function  of  the  respiratory  system  without  the 

increased  risk  of  subsequent  carcinogenesis. 

Two  most  challenging  problems  facing  cell  biologists  are  growing  difficult  cell  types  in 
culture,  and  immortalizing  cells  using  the  fewest  possible  changes  in  protein  expression.  As 
techniques  become  more  sophisticated,  these  challenges  are  being  surmounted,  and  now  many 
cell  types  have  been  successfully  grown  in  culture  and  immortalized  (Harley,  2002).  Future 
studies  using  organotypic  constructs  or  xenograft  studies  will  help  to  determine  when  tissue 
regeneration  in  vivo  will  be  a  possible  therapy  for  replacement  of  damaged  or  diseased  organs. 
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Figure  Legends: 


Figure  1.  Development  of  the  organotypic  culture.  Normal  human  bronchial  epithelium  contains 
ciliated  columnar  cells,  mucous-producing  goblet  cells,  and  basal  cells  (A).  To  produce  a 
bronchial  ‘submucosa’  in  vitro ,  fibroblasts  were  combined  with  type  I  collagen,  allowed  to  gel 
( B,  top),  then  the  gel  was  released  from  the  dish  and  allowed  to  contract  over  a  period  of  4  to  7 
days  (B,  bottom).  Bronchial  epithelial  cells  were  then  seeded  onto  the  top  of  the  gels  and 
allowed  to  attach  for  4  hours  to  create  the  organotypic  culture.  Cultures  were  submerged  for  4 
days,  then  placed  into  a  6-well  insert  which  was  fed  from  beneath  by  media  placed  into  well 
below  the  insert  (C),  thereby  leaving  the  upper  surface  of  the  tissue  emerged  from  the  media. 
Triplicate  cultures  were  placed  into  each  insert.  Cultures  were  fed  every  other  day,  and  harvested 
at  various  time  points  in  culture. 

Figure  2.  Morphology  of  immortalized  HBECs  cultured  on  organotypic  cultures.  Stained  paraffin 
cross-sections  of  organotypic  cultures  demonstrated  the  presence  of  squamous  to  cuboidal 
epithelial  cells  with  the  presence  of  cilia-like  structures  (A).  Mucin  staining  (brown) 
demonstrated  the  presence  of  goblet  cells  interspersed  among  ciliated  cells  (B).  In  pathologies 
such  as  bronchial  metaplasia,  stratified  epithelium  can  be  observed  (C).  Some  of  the  organotypic 
cultures,  especially  those  using  HBEC1  cells,  produced  similar  stratification  (D).  630x 
magnification. 
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Figure  3.  Appearance  of  basal  or  stem  cell  markers  in  HBECs  on  organotypic  cultures.  Stained 
paraffin  sections  showed  the  presence  of  basal  cell  cytokeratin  14  (A)  and  p63  (B),  as  well  as 
proliferation  marker  Ki67  (C).  400x  magnification. 

Figure  4.  Apical  surface  modifications  in  HBEC-populated  organotypic  cultures.  Cultures  were 
prepared  for  scanning  electron  microscopy.  Ciliated  cells  in  various  stages  of  differentiation 
were  present,  as  were  goblet-like  cells.  Picture  in  the  upper  right  shows  an  undifferentiated  cell 
at  top,  a  goblet  cell  at  center,  and  a  ciliated  cell  at  bottom.  Magnification  varies  in  this 
perspective. 
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Table  1.  Differentiation  Characteristics  of  Human  Bronchial  Epithelial  Cells 


Immortalization 

method 

Differentiation  culture 
conditions 

Cell  age 
when  tested 

Phenotype 

Reference 

cdk4,  hTERT 

IMR90  fibroblast- 
contracted  collagen  gel, 
keratinocyte  feeder  layer 
medium,  air/liquid 
interface 

PD  >100 

Basal, 
ciliated, 
mucus  cells 
present 

This  study 

HP V- 1 6  E6/E7, 
hTERT 

Collagen-coated 
membrane,  defined 
medium,  air/liquid 
interface 

>  passage  30 

Ciliated  and 

mucus 

Zabner  et 
al„  2003 

SV40ER,  hTERT 

Nude  mouse 
subcutaneous  injection 

>10  PD 
beyond  crisis 

Histology 
similar  to 
normal  airway 

Lundberg  et 
al.,  2002 

SV40  large  T 
antigen 

Vitrogen-coated 
membrane,  serum- 
containing  medium, 
air/liquid  interface 

Post-crisis 

Ciliated 

Cozens  et 
ah,  1994 

HPV-18  E6/E7 

Devitalized  tracheal 
substrate  xenografted 
subcutaneously 

passage  14 

Ciliated  and 
secretory  cells 

Yankaskas 
et  ah,  1993 
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Abstract 

From  histological  and  biological  perspectives,  lung  cancer  is  a  com¬ 
plex  neoplasm.  Although  the  sequential  preneoplastic  changes  have 
been  defined  for  centrally  arising  squamous  carcinomas  of  the  lung, 
they  have  been  poorly  documented  for  the  other  major  forms  of  lung 
cancers,  including  small  cell  lung  carcinoma  and  adenocarcinomas. 
There  are  three  main  morphologic  forms  of  preneoplastic  lesions 
recognized  in  the  lung:  squamous  dysplasias,  atypical  adenomatous 
hyperplasia,  and  diffuse  idiopathic  pulmonary  neuroendocrine  cell 
hyperplasia.  However,  these  lesions  account  for  the  development  of 
only  a  subset  of  lung  cancers.  Several  studies  have  provided  informa¬ 
tion  regarding  the  molecular  characterization  of  lung  preneoplastic 
changes,  especially  for  squamous  cell  carcinoma.  These  molecular 
changes  have  been  detected  in  the  histologically  normal  and  ab¬ 
normal  respiratory  epithelium  of  smokers.  Two  different  molecular 
pathways  have  been  detected  in  lung  adenocarcinoma  pathogenesis: 
smoking-associated  activation  of  KRAS  signaling,  and  nonsmoking- 
associated  activation  of  EGFR  signaling;  the  latter  is  detected  in 
histologically  normal  respiratory  epithelium. 
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INTRODUCTION 

Lung  cancer  is  the  leading  cause  of  cancer 
deaths  in  the  United  States  and  worldwide 

(1) .  The  high  mortality  rate  of  this  disease  is 
due  primarily  to  the  fact  that  the  majority  of 
lung  cancers  are  diagnosed  at  advanced  stages 
when  the  options  for  treatment  are  mosdy  pal¬ 
liative.  Experience  with  other  epithelial  tu¬ 
mors,  such  as  uterine,  cervical,  esophageal, 
and  colon  carcinomas,  has  shown  that  if  neo¬ 
plastic  lesions  can  be  detected  and  treated  at 
their  intraepithelial  stage  the  chances  for  sur¬ 
vival  can  be  improved  significantly.  Thus,  to 
reduce  the  mortality  rate  of  lung  cancer,  new 
techniques  and  approaches  must  be  developed 
to  diagnose  and  treat  pre-invasive  lesions. 
However,  the  early  diagnosis  of  lung  can¬ 
cer  represents  an  enormous  challenge.  From 
histopathological  and  biological  perspectives, 
lung  cancer  is  a  highly  complex  neoplasm 

(2) ,  probably  having  multiple  preneoplastic 
pathways. 

Lung  cancer  consists  of  several  histo¬ 
logical  types,  including  small  cell  lung  car¬ 
cinoma  (SCLC)  and  non-small  cell  lung 
carcinoma  (NSCLC)  types  of  squamous  cell 
carcinoma,  adenocarcinoma  (including  the 
noninvasive  type  of  bronchioloalveolar  car¬ 
cinoma),  and  large  cell  carcinoma  (3).  Lung 
cancers  may  arise  from  the  major  bronchi 
(central  tumors)  or  small  bronchi,  bronchi¬ 
oles,  or  alveoli  (peripheral  tumors)  of  the  dis¬ 
tant  airway  of  the  lung.  Squamous  cell  car¬ 
cinomas  and  SCLCs  usually  arise  centrally, 
whereas  adenocarcinomas  and  large  cell  car¬ 
cinomas  usually  arise  peripherally.  However, 
the  specific  respiratory  epithelial  cell  type 
from  which  each  lung  cancer  type  develops 
has  not  been  established.  As  with  other  ep¬ 
ithelial  malignancies,  researchers  believe  lung 
cancers  arise  after  a  series  of  progressive 
pathological  changes,  known  as  preneoplas¬ 
tic  or  premalignant  lesions  (4).  Although  the 
sequential  preneoplastic  changes  have  been 
defined  for  centrally  arising  squamous  carci¬ 
nomas  of  the  lung,  they  have  been  poorly  doc¬ 


umented  for  the  other  major  forms  of  lung 
cancers  (4). 

Although  many  molecular  abnormalities 
have  been  described  in  clinically  evident  lung 
cancers  (2),  relatively  little  is  known  about 
the  molecular  events  preceding  the  develop¬ 
ment  of  lung  carcinomas  and  the  underly¬ 
ing  genetic  basis  of  lung  carcinogenesis.  In 
the  past  decade,  several  studies  have  provided 
information  regarding  the  molecular  charac¬ 
terization  of  the  preneoplastic  changes  in¬ 
volved  in  the  pathogenesis  of  lung  cancer, 
especially  squamous  cell  carcinoma  and  ade¬ 
nocarcinoma  (5,  6).  Many  of  these  molecular 
changes  have  been  detected  in  the  histolog¬ 
ically  normal  respiratory  mucosa  of  smokers 

(5). 

The  high-risk  population  targeted  for 
early  detection  efforts  are  heavy  smokers  and 
patients  who  have  survived  a  cancer  of  the 
upper  aerodigestive  tract.  However,  conven¬ 
tional  morphologic  methods  for  the  iden¬ 
tification  of  premalignant  cell  populations 
in  the  lung  airways  have  important  limita¬ 
tions.  This  has  led  to  research  in  biological 
properties,  including  molecular  and  genetic 
changes,  of  the  respiratory  epithelium  and 
its  corresponding  preneoplastic  cells  and  le¬ 
sions.  Further  research  in  this  area  may  pro¬ 
vide  new  methods  for  assessing  the  likehood 
of  developing  invasive  lung  cancer  in  smok¬ 
ers  and  allow  for  early  detection  and  moni¬ 
toring  of  their  response  to  chemopreventive 
regimens. 

In  this  review  we  will  describe  the  recog¬ 
nized  preneoplastic  lesions  for  major  types 
of  lung  cancers,  such  as  bronchial  squa¬ 
mous  dysplasia  and  carcinoma  in  sim  (CIS) 
for  squamous  cell  carcinoma  (7);  atypical 
adenomatous  hyperplasia  (AAH),  a  putative 
preneoplastic  lesion,  for  a  subset  of  adeno¬ 
carcinomas  (6);  and  neuroendocrine  cell  hy¬ 
perplasia  for  neuroendocirne  lung  carcinomas 
(7).  In  addition,  we  will  review  the  current 
concepts  of  early  pathogenesis  and  the  pro¬ 
gression  of  lung  cancer. 
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ON  E  RVIF.W  OF  LUNG  CANCER 
MOLECl  LAR  PATHOLOGY 

Several  molecular  and  genetic  studies  have 
revealed  that  multiple  genetic  and  epigentic 
changes  are  found  in  clinically  evident  lung 
cancers,  involving  known  and  putative  re¬ 
cessive  oncogenes  (tumor  suppressor  genes, 
TSG)  as  well  as  several  dominant  oncogenes 
(8).  Most  of  the  molecular  and  genetic  studies 
of  lung  cancers  have  been  performed  on  the 
major  tvpes  of  lung  cancer  (2).  Many  growth 
factors  or  regulatory  peptides  and  their  re¬ 
ceptors  are  overexpressed  by  cancer  cells  and 
adjacent  normal-appearing  cells  in  the  lung, 
and  thus  provide  a  series  of  autocrine  and 
paracrine  growth  stimulatory  loops  in  this 
neoplasm  (9).  The  list  of  recessive  oncogenes 
involved  in  lung  cancer  is  likely  to  include  as 
many  as  10  to  15  known  and  putative  genes 
(2),  and  possibly  many  more.  Oncogenes  that 
contribute  to  the  pathogenesis  of  lung  can¬ 
cer  include  CMYC,  mutated  KRAS  (10%  to 
20%,  predominantly  adenocarcinomas),  over- 
expression  of  Cyclin  D1  and  BCL2,  and  muta¬ 
tions  in  ERBB  family  genes  such  as  EGFR  (epi¬ 
dermal  growth  factor  receptor)  (10-12)  and 
HFR2/neu  (12,  13).  The  latter  two  oncogenes 
occur  almost  exclusively  in  adenocarcinomas, 
patients  of  East  Asian  ethnic  groups,  and  non- 
or  light  smokers  (12).  Several  TSGs,  such  as 
TP33  (1 7p  1 3),  RB  (13ql4),  pl6INK4‘  (9p21), 
and  new  candidate  TSGs  at  several  chromo¬ 
somal  regions,  including  the  short  arm  of 
chromosomes  3  (3pl2,  DUTT1  gene;  3pl4.2, 
F HIT  gene;  3p2 1 ,  RASFF1A  and  FUS-1  gene; 
3p22-24,  BAP- 1  gene),  show  frequent  abnor¬ 
malities  in  lung  cancer  (2).  Recessive  onco¬ 
genes  are  believed  to  be  inactivated  via  a  two- 
step  process  involving  both  alleles.  Knudson 
has  proposed  that  the  first  hit  is  frequently  a 
point  mutation,  whereas  the  second  allele  is 
subsequently  inactivated  via  a  chromosomal 
deletion,  translocation,  or  other  event  such  as 
methylation  of  gene  promoter  regions  (14). 
In  addition  to  those  specific  genetic  changes, 
other  evidence  indicates  that  genetic  insta¬ 
bility  is  concurrent  with  lung  cancer.  This 


evidence  includes  changes  in  the  number  of 
short-tandem  DNA  repeats  (also  known  as 
microsatellites),  which  are  frequently  present 
in  a  wide  variety  of  cancer  types,  including 
lung.  Overall,  an  average  of  35%  (range  0%- 
76%)  of  SCLCs  and  22%  (range  2%M9%) 
of  NSCLCs  show  some  evidence  of  genetic 
instability  at  individual  loci  (8). 

Studies  of  many  lung  cancers  have  demon¬ 
strated  different  patterns  of  molecular  alter¬ 
ations  between  the  two  major  groups  of  lung 
carcinomas  (SCLC  and  NSCLC)  (15,  16) 
and  among  the  two  major  histologic  types 
of  NSCLC  (squamous  cell  carcinomas  and 
adenocarcinomas)  (17-20).  Allelic  loss  anal¬ 
yses  at  different  chromosomal  regions  and 
the  methylation  status  of  multiple  genes  have 
provided  clear  evidence,  on  a  genome-wide 
scale,  that  SCLC  and  NSCLC  differ  sig¬ 
nificantly  in  the  TSGs  that  are  inactivated 
during  their  pathogenesis  (21-24).  In  addi¬ 
tion,  a  variety  of  studies  on  gene  expression 
profiles  have  sought  to  identify  specific  pro¬ 
files  and  new  molecular  markers  for  histolog¬ 
ically  different  lung  cancers,  including  ade¬ 
nocarcinomas  (25,  26).  Specifically,  we  have 
found  different  patterns  of  allelic  loss  involv¬ 
ing  the  two  major  histologic  types  of  NSCLC, 
with  higher  incidences  of  deletions  at  1 7p  1 3 
(TP53),  13ql4(RB),  9p2 Upl 6,NK4a),  8p21-23, 
and  several  3p  regions  in  squamous  cell  car¬ 
cinomas  (17,  27,  28).  Recently,  differences  in 
pl6INK‘,a,  APC,  and  H-cadherin  gene  methyla¬ 
tion  frequencies  have  been  detected  between 
squamous  cell  and  adenocarcinoma,  suggest¬ 
ing  that  different  gene  methylation  patterns 
characterize  the  two  major  histologic  types  of 
NSCLC  (24).  Recent  findings  indicate  that 
mutations  in  three  genes,  KRAS,  EGFR,  and 
Her2/neu,  occur  almost  exclusively  in  lung 
cancers  of  adenocarcinoma  histology  (12,  29). 
In  lung  adenocarcinoma,  KK4S  and  EGFR 
mutations  are  mutually  exclusive,  which  in¬ 
dicates  two  distinct  pathways  for  lung  ade¬ 
nocarcinoma  development  (12,  30).  Whereas 
in  smokers  tobacco-related  carcinogens  favor 
KRAS  mutations,  in  nonsmokers  unidenti¬ 
fied  carcinogens  induce  EGFR  mutations  (30). 


1  SC:  tumor 
suppressor  gene 

EGFR:  epidermal 
growth  factor 
receptor 
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We  refer  to  nonsmokers  as  people  who  have 
never  smoked. 

LUNG  CANCER  PRENOPLASTIC 
LESIONS 

Lung  cancers  are  believed  to  arise  after  a 
series  of  progressive  pathological  changes 
(preneoplastic  or  precursor  lesions)  in  the  res¬ 
piratory  mucosa.  Although  the  sequential  pre¬ 
neoplastic  changes  have  been  defined  for  cen¬ 
trally  arising  squamous  carcinomas,  they  have 
been  poorly  documented  for  large  cell  carci¬ 
nomas,  adenocarcinomas,  and  SCLCs  (4,  7). 
Mucosal  changes  in  the  large  airways  that  may 
precede  invasive  squamous  cell  carcinoma  in¬ 
clude  squamous  dysplasia  and  CIS  (4,  7). 
Adenocarcinomas  may  be  preceded  by  mor¬ 
phological  changes  including  AAH  (4,  6)  in 
peripheral  airway  cells.  For  SCLC,  no  specific 
preneoplastic  changes  have  been  described  in 
the  respiratory  epithelium.  Current  informa¬ 
tion  suggests  that  preneoplastic  lesions  are 
frequently  extensive  and  multifocal  through¬ 
out  the  lung,  indicating  a  field  effect  (field  can- 
cerization)  by  which  much  of  the  respiratory 
epithelium  has  been  mutagenized,  presum¬ 
ably  from  exposure  to  tobacco-related  car¬ 
cinogens  (5). 

The  recent  histological  classification  of 
pre-invasive  lung  lesions  by  the  World  Health 
Organization  (WHO)  lists  three  main  mor¬ 
phologic  forms  of  preneoplastic  lesions  (3): 
(a)  squamous  dysplasia  and  CIS,  (b)  AAH, 
and  (c)  diffuse  idiopathic  pulmonary  neuroen¬ 
docrine  cell  hyperplasia  (DIPNECH).  How¬ 
ever,  as  we  will  explain  in  this  review,  these 
lesions  account  for  the  development  of  only  a 
subset  of  lung  cancers. 

Squamous  Cell  Carcinoma 
Preneoplastic  Lesions 

Mucosal  changes  in  the  large  airways  that 
may  precede  or  accompany  invasive  squamous 
cell  carcinoma  include  hyperplasia,  squamous 
metaplasia,  squamous  dysplasia,  and  CIS 
(Figure  1)  (4,  7).  Two  types  of  bronchial  ep¬ 


ithelial  hyperplasia  that  are  thought  to  be 
reactive  lesions,  goblet  cell  hyperplasia  and 
basal  cell  (reserve  cell)  hyperplasia,  may  oc¬ 
cur.  Dysplastic  squamous  lesions  are  consid¬ 
ered  true  preneoplastic  lesions  and  may  vary  in 
degree  (i.e.,  mild,  moderate,  or  severe);  how¬ 
ever,  these  lesions  represent  a  continuum  of 
cytologic  and  histologic  atypical  changes  that 
may  show  some  overlapping  features  between 
categories.  Whereas  mild  squamous  dyspla¬ 
sia  is  characterized  by  minimal  architectural 
and  cytological  disturbance,  moderate  dys¬ 
plasia  exhibits  more  cytological  irregularity, 
which  is  even  higher  in  severe  dysplasia  and 
is  accompanied  by  considerable  cellular  poly¬ 
morphism.  In  a  subset  of  squamous  dysplas¬ 
tic  changes,  the  basal  membrane  thickens  and 
there  is  vascular  budding  in  the  subepithe- 
lial  tissues  that  results  in  papillary  protru¬ 
sions  of  the  epithelium,  lesions  that  have  been 
termed  angiogenic  squamous  dysplasia  (3 1). 
CIS  demonstrates  extreme  cytological  aber¬ 
rations  with  almost  complete  architectural 
disarray,  but  with  an  intact  basement  mem¬ 
brane  and  absence  of  stromal  invasion.  Foci  of 
CIS  usually  arise  near  bifurcations  in  the  seg¬ 
mental  bronchi,  subsequently  extending  prox- 
imally  into  the  adjacent  lobar  bronchus  and 
distally  into  subsegmental  branches.  These  le¬ 
sions  are  often  not  detected  by  conventional 
white-light  bronchoscopy  or  gross  examina¬ 
tion.  However,  the  utilization  of  fluorescent 
bronchoscopy,  such  as  lung-imaging  fluores¬ 
cent  endoscopy  (LIFE),  greatly  increases  the 
sensitivity  for  detection  of  squamous  dysplas¬ 
tic  and  CIS  lesions  (32-34).  Little  is  known 
about  the  rate  and  risks  of  progression  from 
squamous  dysplasia  to  CIS  and  ultimately  to 
invasive  squamous  cell  carcinoma.  Recently, 
a  longitudinal  study  addressing  the  natural 
histopathologic  course  of  squamous  preneo¬ 
plastic  lesions  in  bronchial  epithelium  using 
white-light  and  fluorescent  bronchoscopy  ex¬ 
aminations  was  reported  (35).  In  this  study, 
the  progression  rate  to  CIS  and  invasive  car¬ 
cinoma  was  significantly  higher  in  lesions 
with  severe  dysplasia  (32%)  compared  with 
squamous  metaplasias  (4%)  and  low-grade 
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Normal  Hyperplasia  Squamous  Dysplasia  Carcinoma  Invasive 

epithelium  metaplasia  in  situ  carcinoma 

I  listopatholological  and  molecular  changes  during  the  pathogenesis  of  squamous  cell  carcinoma  of  the 
lung  with  molecular  changes  commencing  at  early  stages,  and  a  histologically  normal  respiratory 
epithelium.  There  is  stepwise  molecular  and  histopathological  sequence  of  events  leading  to  dysplastic 
and  invasive  carcinoma  stages.  LOH,  loss  of  heterozygosity. 

dysplasias  (9%).  Somewhat  striking,  at  the  in-  imal  airway  is  not  known,  but  it  is  presumed 
dividual  level,  the  rates  of  progression  to  squa-  that  the  basal  cells  represent  a  relatively  quies- 
mous  carcinoma  were  not  significantly  higher  cent  zone  that  is  the  precursor  of  preneoplas- 
in  individuals  harboring  high-grade  dysplas-  dc  epithelium.  In  fact,  squamous  metaplasia 
tic  lesions  (39%)  compared  with  individu-  usually  precedes  and  accompanies  basal  cell 
als  having  only  lower-grade  lesions  (26%).  hyperplasia.  Interestingly,  these  cells  express 
In  addition,  the  study  detected  the  progres-  significant  levels  ofEgff  protein  and  increased 
sion  from  squamous  metaplasia  and  low-grade  proliferative  activity  measured  by  Ki-67  stain- 
dysplasias  (mild  and  moderate)  to  CIS  and  ing  (36,  37). 

invasive  carcinoma,  suggesting  that  a  step-  The  current  working  model  of  the  sequen- 
wise  histopathologic  multistage  development  rial  molecular  abnormalities  in  the  patho- 
of  lung  squamous  cell  carcinoma  does  not  al-  genesis  of  squamous  cell  lung  carcinoma 
ways  occur,  or  it  is  not  always  detected  be-  (Figure  1)  indicates  the  following:  (a) 
cause  of  rapid  progression.  These  findings  Genetic  abnormalities  commence  in  histolog- 
suggest  that  the  current  histologic  classifica-  ically  normal  epithelium  and  grow  with  in- 
tion  of  preneoplastic  squamous  lesions  of  the  creasing  severity  of  histologic  changes  (27).  (b) 
bronchial  epithelia  may  not  be  a  reliable  guide  Mutations  follow  a  sequence,  with  progressive 
for  risk  assessment  of  lung  cancer.  Other  types  allelic  losses  at  multiple  3p(3p21,  3pl4,  3p22- 
of  biomarkers,  including  molecular  and  ge-  24,  and  3p  1 2)  chromosome  sites  and  9p21 
netic  markers,  are  needed.  (pi  6INK4a)  as  the  earliest  detectable  changes. 

There  are  no  squamous  cells  in  the  normal  Later  changes  occur  at  8p2 1-23,  1 3  q  14  (RB), 
airways.  The  progenitor  or  stem  cells  for  the  and  1 7pl 3  ( TP53 )  (17,  27,  28).  pl6INK4“ 
squamous  metaplastic  epithelium  of  the  prox-  methylation  has  also  been  detected  at  an  early 
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bronchioloalveolar 

carcinoma 


stage  of  squamous  pre-invasive  lesions  with 
a  frequency  that  increases  during  histopatho¬ 
logic  progression  (by  24%  in  squamous  meta¬ 
plasia  and  50%  in  CIS)  (38).  (c)  Molecular 
changes  in  the  respiratory  epithelium  are 
extensive  and  multifocal  throughout  the 
bronchial  tree  of  smokers  and  lung  cancer  pa¬ 
tients,  indicating  a  field  cancerization  effect 
by  which  much  of  the  respiratory  epithelium 
has  been  mutagenized,  presumably  from  ex¬ 
posure  to  tobacco-related  carcinogens  (27,28, 
39,  40).  ( d )  Multiple  small  patches  of  histo¬ 
logically  normal  and  hyperplastic  epithelium 
with  clonal  and  subclonal  molecular  abnor¬ 
malities,  not  much  larger  in  size  than  the  aver¬ 
age  bronchial  biopsy  obtained  by  fluorescent 
bronchoscopy  and  estimated  to  be  approxi¬ 
mately  40,000  to  360,000  cells,  such  as  allelic 
loss  (chromosome  3p  and  9p2 1  regions)  and 
genetic  instability,  can  be  detected  in  the  nor¬ 
mal  and  slightly  abnormal  bronchial  epithe¬ 
lium  of  patients  with  lung  cancer  (41).  These 
findings  are  consistent  with  evidence  of  nu¬ 
merous  small  monosomic  and  trisomic  clonal 
and  subclonal  patches  present  in  smoking- 
damaged  upper  aerodigestive  epithelium  as 
determined  by  fluorescent  in  situ  hybridiza¬ 
tion  (FISH)  analyses  (42). 

Adenocarcinoma  Precursor  Lesions 

In  alveoli,  type  I  pneumocytes  are  involved  in 
respiratory  gas  exchange  whereas  type  II  cells 
produce  surfactant  proteins,  essential  for  pre¬ 
venting  alveoli  from  collapsing  (43).  In  bron¬ 
chioles,  short,  stubby  ciliated  cells  and  the  se¬ 
cretory  Clara  cells  are  present.  The  Clara  cells 
and  the  type  II  pneumocytes  are  believed  to  be 
the  progenitor  cells  of  the  peripheral  airways, 
and  peripherally  arising  adenocarcinomas  of¬ 
ten  express  markers  of  these  cell  types  (44, 
45).  Researchers  suggest  that  adenocarcino¬ 
mas  may  be  preceded  by  AAH  in  peripheral 
airway  cells  (4,  6);  however,  the  respiratory 
structures  and  the  specific  epithelial  cell  types 
involved  in  the  origin  of  most  lung  adenocar¬ 
cinomas  are  unknown.  Although  there  is  only 
one  sequence  of  morphologic  change  identi¬ 


fied  so  far  for  the  development  of  invasive  lung 
adenocarcinomas  (AAH  and  broncheiloalveo- 
lar  carcinoma,  BAC),  recent  data  indicate  that 
at  least  two  molecular  pathways  are  involved, 
the  KRAS  and  EGFR  pathways  in  smoker 
and  nonsmoker  populations,  respectively 
(Figure  2). 

Atypical  adenomatous  hyperplasia.  AAH 
is  considered  a  putative  precursor  of  adeno¬ 
carcinoma  (4,  6).  AAH  is  a  discrete  parenchy¬ 
mal  lesion  arising  in  alveoli  near  terminal 
and  respiratory  bronchioles  (Figure  2)  and 
may  be  single  or  multiple  lesions.  These  le¬ 
sions  maintain  an  alveolar  structure  lined  by 
rounded,  cuboidal,  or  low  columnar  cells. 
The  alveolar  walls  may  be  slightly  thickened 
by  collagen,  occasional  fibroblasts,  and  lym¬ 
phocytes.  Cellularity  and  cytological  atypia 
vary  from  minimal  to  high  grade.  The  postu¬ 
lated  progression  of  AAH  to  adenocarcinoma 
with  BAC  features,  which  is  characterized 
by  the  growth  of  neoplastic  cells  along  pre¬ 
existing  alveolar  structures  without  evidences 
of  stromal,  pleural,  or  vascular  invasion  and 
without  metastasis,  is  supported  by  morpho¬ 
metric,  cytofluorometric,  and  molecular  stud¬ 
ies  (6,  7).  Distinction  between  highly  atypical 
AAH  and  BAC  is  sometimes  difficult.  Some¬ 
what  arbitrarily,  BAC  are  considered  gener¬ 
ally  >  10  mm  in  diameter,  with  more  pleomor- 
phism,  mild  stratification,  packed  cells,  and 
abrupt  transitions  to  adjacent  alveolar  lining 
cells.  However,  the  distinction  may,  on  occa¬ 
sion,  be  difficult.  The  differentiation  pheno¬ 
type  derived  from  immunohistochemical  and 
ultrastructural  features  indicates  that  AAHs 
originate  from  the  progenitor  cells  of  the  pe¬ 
ripheral  airways  (46,  47).  Surfactant  apopro¬ 
tein  and  Clara  cell-specific  10-kDd  protein 
are  expressed  in  almost  all  AAHs  (46).  As  many 
as  25%  of  the  cells  show  ultrastructural  fea¬ 
tures  of  Clara  cells  and  type  II  pneumocytes 
(47).  Recent  results  from  a  study  (48)  per¬ 
formed  in  mice  and  lung  cancer  mouse  models 
suggest  that  peripheral  bronchioalveolar  cells 
expressing  Clara  cell-specific  protein  and  sur¬ 
factant  protein-C,  and  having  in  vitro  stem 


336  Wistuba  •  Gazdar 


A  VR  V2  68-  PM  01-13 


4RJ  26  October  2005  19:34 


Peripheral  airway 
epithelium 


■  s  *-  -  * 

.  V-Ar-'  * 

Normal 

small  bronchus 


Normal 

alveoli 


N, 


°r?s 


s'9naijn 


1  Path 


ay 


AAH 


BAC 


V' 


. ■■ 


Invasive 

adenocarcinoma 


.ana"''®9 


s\9’ 


Two  molecular  pathways  involved  in  the  development  of  lung  cancer  have  been  recognized.  AAH, 
atypical  adenomatous  hyperplasia;  BAC,  bronchioloalveolar  carcinoma. 


cell  properties  (termed  bronchioalveolar  stem 
cell,  BASC),  are  the  stem  cell  population  that 
maintains  the  bronchiolar  Clara  cells  and  alve¬ 
olar  cells  of  the  distal  respiratory  epithelium, 
in  vitro  studies  performed  in  the  same  study 
indicated  that  the  BASC-transformed  coun¬ 
terpart  gives  rise  to  adenocarcinoma  of  the 
lung.  BASCs  expanded  in  response  to  onco¬ 
genic  KRAS  in  culture  and  in  precursors  of 
mouse  lung  tumors  in  vivo  (48). 

An  increasing  body  of  evidence  supports 
the  concept  of  AAH  as  the  precursor  of  at  least 
a  subset  of  adenocarcinomas.  AAH  is  most 
frequently  detected  in  lungs  of  patients  bear¬ 
ing  lung  cancers  (9%-20%),  especially  ade¬ 
nocarcinomas  (as  many  as  40%),  compared 
with  squamous  cell  carcinomas  (11%)  (7,  49- 


52).  In  contrast,  autopsy  studies  have  reported 
AAH  in  ~3%  of  noncancer  patients  (53).  Be¬ 
cause  inflation  of  the  lungs  prior  to  sectioning 
(a  practice  not  common  in  the  United  States) 
aids  identification,  their  true  incidence  may 
be  higher  than  indicated.  Some  patients  dis¬ 
play  a  large  number  of  AAH  lesions  (>40) 
in  conjunction  with  multiple  synchronous  pe¬ 
ripheral  lung  adenocarcinomas  or  BACs  (5 1). 
However,  it  is  extremely  difficult  to  know  the 
progression  rate  of  AAH  to  lung  adenocarci¬ 
noma,  and  it  is  also  currently  almost  impos¬ 
sible  to  determine  if  AAHs  may  regress.  Be¬ 
cause  they  are  air-filled  structures,  they  may 
appear  as  ground  glass  opacities  on  computed 
tomography  scans.  However,  AAH  location, 
size,  and  relative  invisibility  to  most  imaging 
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methods  make  longitudinal  studies  even  more 
difficult  than  centrally  located  squamous  pre¬ 
neoplastic  lesions. 

Several  molecular  changes  frequently 
present  in  lung  adenocarcinomas  are  also 
present  in  AAH  lesions,  and  they  are  further 
evidence  that  AAH  may  represent  true  pre¬ 
neoplastic  lesions  (46).  The  most  important 
finding  is  the  presence  of  KRAS  (codon  12) 
mutations  in  as  many  as  39%  of  AAHs,  which 
are  also  a  relatively  frequent  alteration  in  lung 
adenocarcinomas  (6,  54).  Other  molecular  al¬ 
terations  detected  in  AAH  are  overexpression 
ofCyclinDl  (~70%),p53  (rangingfrom  10% 
to  58%),  survivin  (48%),  and  HER2/neu  (7%) 
proteins  (6,  55,  56).  Some  AAH  lesions  have 
demonstrated  loss  of  heterozygosity  (LOH)  in 
chromosomes  3p  (18%),  9p  (pl6lNK4a,  13%), 
9q  (53%),  17q,  and  17p  ( TPS3 ,  6%),  changes 
that  are  frequently  detected  in  lung  adeno¬ 
carcinomas  (57,  58).  A  study  on  lung  adeno¬ 
carcinoma  with  synchronous  multiple  AAHs 
showed  frequent  LOH  of  tuberous  sclerosis 
complex  (TSC)-associated  regions  ( TSC1  at 
9q,  53%,  and  TSC2  at  16p,  6%),  suggesting 
that  these  are  candidate  loci  for  TSG  in  a 
subset  of  adenocarcinomas  of  the  lung  (58). 
Some  cases  of  AAH  have  been  monoclonal, 
suggesting  that  it  may  be  a  true  preneoplas¬ 
tic  lesion  (59).  Activation  of  telomerase,  re¬ 
quired  for  the  perpetuation  of  cancer  cells  and 
expressed  by  human  telomerase  RNA  com¬ 
ponent  and  telomerase  reverse  transcriptase 
mRNA,  has  been  detected  in  27%  to  78%  of 
AAH  lesions,  depending  on  their  atypia  level 
(60).  Recently,  it  was  shown  that  loss  of  LKB1, 
a  serine/threonine  kinase  that  functions  as  a 
TSG,  is  frequent  in  lung  adenocarcinomas 
(25%)  and  AAH  (2 1  %)  with  severe  cytological 
atypia,  whereas  it  is  rare  in  mild  atypical  AAH 
lesions  (5%),  suggesting  that  LKB1  inactiva¬ 
tion  may  play  a  role  in  the  AAH  progression 
to  malignancy  (61). 

Bronchial  and  bronchiolar  epithelium  as 
precursors  of  adenocarcinomas.  Despite 
evidence  that  AAH  is  a  precursor  lesion  for 
peripheral  lung  adenocarcinomas,  there  is 


general  consensus  that  the  pathogenesis  of 
many  adenocarcinomas,  especially  those  of 
central  origin,  is  still  unknown.  The  pres¬ 
ence  of  KRAS  mutations  in  bronchiolar  ep¬ 
ithelium  with  atypical  changes  raised  the  pos¬ 
sibility  that  non-AAH  lesions  could  also  be 
the  origin  of  lung  adenocarcinomas  (62).  The 
recent  findings  of  several  distinct  genetic 
changes  specifically  associated  to  lung  adeno¬ 
carcinoma,  such  as  EGFR  (10-12),  Her2/neu 
(29),  and  BRAF  (63)  genes  mutations,  repre¬ 
sent  a  unique  opportunity  to  study  further  the 
pathogenesis  of  adenocarcinomas  of  the  lung. 

Somatic  mutations  of  EGFR,  a  tyrosine 
kinase  (TK)  of  the  ERBB  family,  have  been 
reported  recently  in  a  subset  of  lung  adeno¬ 
carcinomas  (10-12,  64—67)  (Figure  3).  Those 
mutations  are  clinically  relevant  because  most 
of  them  have  been  associated  with  sensitivity 
of  lung  adenocarcinoma  to  small  molecule  TK 
inhibitors  (gefitinib  and  erlotinib)  (10,  11,  64, 
68).  The  mutations  are  associated  significantly 
with  adenocarcinoma  histology,  non-  or  light- 
smoker  status,  females,  and  East  Asian  eth¬ 
nic  groups  (12).  Data  analysis  from  13  (10, 
12, 45, 65-67, 69-75)  recently  published  stud¬ 
ies  on  EGFR  mutations  in  surgically  resected 
specimens  in  more  than  1600  lung  cancers 
indicates  that  the  incidence  of  mutations  in 
adenocarcinomas  is  at  least  fourfold  higher  in 
East  Asian  populations  (China,  Japan,  Korea, 
and  Taiwan)  compared  with  Western  popula¬ 
tions  (Australia,  Italy,  and  the  United  States) 
(Figure  3 a).  Analysis  of  721  EGFR  muta¬ 
tions  reported  from  surgically  resected  (12, 
65-67,  69-71,  73-75)  and  small-biopsy  lung 
cancer  specimens  (10,  11,  71,  76-82)  demon¬ 
strated  that  more  than  90%  of  the  muta¬ 
tions  detected  in  EGFR  are  in-frame  deletions 
in  exon  19,  and  there  was  a  single  missense 
mutation  in  exon  21  (L858R)  (10-12,  64— 
67)  (Figure  3  b).  Researchers  propose  that 
lung  cancer  cells  with  mutant  EGFR  may  be¬ 
come  physiologically  dependent  on  the  con¬ 
tinued  activity  of  the  gene  for  the  mainte¬ 
nance  of  their  malignant  phenotype,  which 
leads  to  accelerated  development  of  lung  ade¬ 
nocarcinoma  (30).  Recent  studies  indicate  that 
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Figure  3 
(a)  Summary  of 
epidermal  growth 
factor  receptor 
(. EGFR )  gene 
mutation  frequency 
in  lung  cancer  by 
histology  and 
country  of  origin. 
Data  analysis  from 
13  (10,  12,45, 

65-67,  69-75) 
recendy  published 
studies  examining 
more  than  1600  lung 
cancers  have  been 
summarized. 

(i b )  Summary  of  exon 
distribution  of  721 
EGFR  mutations 
reported  from 
surgically  resected 
(12,65-67,69-71, 
73-75) and 
small-biopsy  (10,  11, 
71,76-82)  lung 
cancer  specimens. 


tumor  cell  high  EGFR  copy  number,  identi¬ 
fied  by  FISH  technique,  and  Egfr  immuno- 
histocheinical  expression  may  also  be  effec¬ 
tive  predictors  for  EGFR  TK  inhibitors  (76, 

79,  83). 

Some  studies  have  investigated  Egfr  ex¬ 
pression  in  centrally  located  bronchial  pre¬ 
neoplastic  lesions  of  the  lung  (36,  84),  which 
are  considered  markers  for  squamous  meta¬ 
plasia  (84).  In  lung  adenocarcinoma,  recent 


studies  indicate  that  the  recently  identified 
TK  domain  of  EGFR  mutations  is  an  early 
development  in  the  pathogenesis  of  lung  can¬ 
cer,  being  identified  in  histologically  normal 
epithelium  of  small  bronchi  and  bronchioles 
adjacent  to  EGFR  mutant  adenocarcinomas 
(85).  We  have  detected  EGFR  mutations  in 
normal-appearing  peripheral  respiratory  ep¬ 
ithelium  in  9  out  of  21  (43%)  adenocarci¬ 
noma  patients  (85),  but  not  in  patients  without 
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mutation  in  the  tumor  (85).  Our  finding  of 
more  frequent  EGFR  mutations  in  normal  ep¬ 
ithelium  within  the  tumor  (43  %)  than  in  ad¬ 
jacent  sites  (24%)  suggests  a  localized  field  ef¬ 
fect  phenomenon  for  this  abnormality  in  the 
respiratory  epithelium  of  the  lung.  A  higher 
frequency  of  mutations  in  cells  obtained  from 
small  bronchi  (35%)  compared  with  bronchi¬ 
oles  (18%)  was  detected.  This  finding  may 
correlate  with  different  cell  types  populat¬ 
ing  those  epithelia,  which  could  represent  the 
site  of  the  cell  of  origin  for  EGFR  mutant 
adenocarcinomas  of  the  lung.  Although  the 
cell  type  having  those  mutations  is  unknown, 
we  hypothesize  that  stem  or  progenitor  cells 
of  the  bronchial  and  bronchiolar  epithelium 
bear  such  mutations.  The  finding  of  relatively 
infrequent  EGFR  mutations  in  AAH  lesions 
(3  out  of  40  examined)  (45,  86)  and  the  finding 
of  no  mutation  ( 1 2)  or  relatively  low  frequency 
of  mutation  in  true  BACs  of  the  lung  (86)  sup¬ 
port  the  concept  that  genetic  abnormalities  of 
EGFR  are  not  relevant  in  the  pathogenesis  of 
alveolar-type  lung  neoplasia. 

The  low  frequency  of  molecular  abnor¬ 
malities  detected  in  the  centrally  located 
bronchial  respiratory  epithelium  in  patients 
with  peripheral  lung  adenocarcinomas,  com¬ 
pared  with  specimens  from  patients  with  squa¬ 
mous  cell  carcinomas  and  SCLC  (87),  sug¬ 
gests  the  presence  of  two  compartments  in 
the  lung  with  different  degrees  of  smoking- 
related  genetic  damage.  Thus,  smokers  who 
develop  squamous  cell  carcinoma  and  SCLC 
have  more  smoking-related  genetic  damage 
in  the  respiratory  epithelium  of  the  central 
airway,  whereas  patients  who  develop  adeno¬ 
carcinoma  have  damage  mainly  in  the  periph¬ 
eral  airways  (small  bronchus,  bronchioles,  and 
alveoli). 

Precursor  Lesions  of 
Neuroendocrine  Tumors 

As  stated  above,  the  precursor  lesions  for  the 
most  common  type  of  neuroendocrine  carci¬ 
noma  of  the  lung,  the  SCLC,  are  unknown 
(4,  7).  However,  a  rare  lesion  termed  dif¬ 


fuse  idiopathic  pulmonary  neuroendocrine 
cell  hyperplasia  (DIPENECH)  has  been  as¬ 
sociated  with  the  development  of  other  neu¬ 
roendocrine  tumors  of  the  lung,  typical  and 
atypical  carcinoids  (4,  88,  89)  (Figure  4). 
DIPENECH  consists  of  a  generalized  prolif¬ 
eration  of  scattered  single  cells,  small  nodules, 
or  linear  proliferations  of  neuroendocrine 
cells  present  in  the  bronchial  and  bronchi¬ 
olar  epithelium.  These  lesions  include  lo¬ 
cal  extraluminal  proliferations  in  the  form  of 
tumorlets. 

Small  cell  lung  carcinoma  precursors.  As 
the  development  of  epithelial  cancers  re¬ 
quires  the  stepwise  accumulation  of  multiple 
mutations,  which  may  represent  a  mutator 
phenotype,  it  is  possible  that  those  epithe¬ 
lial  cell  clones  that  have  accumulated  mul¬ 
tiple  mutations  are  at  higher  risk  for  de¬ 
veloping  malignant  transformation  (90).  As 
stated  before,  no  phenotypically  identifiable 
epithelial  lesion  has  been  identified  as  a  pre¬ 
cursor  for  SCLC.  We  performed  a  study 
comparing  the  molecular  changes  (LOH  at 
several  chromosomal  sites  and  microsatel¬ 
lite  instability)  occurring  in  histologically 
normal  and  mildly  abnormal  (hyperplastic), 
centrally  located  bronchial  epithelium  accom¬ 
panying  SCLCs  and  NSCLCs  (squamous  cell 
carcinomas  and  adenocarcinoma)  (87).  Nor¬ 
mal  and  hyperplastic  bronchial  epithelium 
accompanying  SCLC  demonstrated  a  signifi¬ 
cantly  higher  incidence  of  genetic  abnormal¬ 
ities  than  those  adjacent  to  NSCLC  tumor 
types  (19).  These  findings  indicate  that  more 
widespread  and  more  extensive  genetic  dam¬ 
age  is  present  in  bronchial  epithelium  in  pa¬ 
tients  with  SCLC  (Figure  4) .  The  finding  that 
some  specimens  of  normal  or  mildly  abnormal 
epithelia  accompanying  SCLCs  have  a  high 
incidence  of  genetic  changes  (19)  suggests 
that  SCLC  may  arise  directly  from  histolog¬ 
ically  normal  or  mildly  abnormal  epithelium, 
without  passing  through  a  more  complex  his¬ 
tologic  sequence  (parallel  theory  of  cancer 
development). 
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Although  the  molecular  information  is  limited,  available  data  suggest  that  tumorlet  is  the  potential 
precursor  for  lung  carcinoids,  and  small  ceil  lung  carcinoma  (SCLC)  may  arise  from  molecularly  altered, 
histologically  normal,  or  hyperplastic  bronchial  epithelium.  LOH,  loss  of  heterozygosity. 


S  VI  OKING- DAMAGED 
BRONCHIAL  EPITHELIUM 

After  smoking  cessation,  the  risk  of  develop¬ 
ing  lung  cancer  decreases,  but  never  reaches 
baseline  levels  of  nonsmokers  (91).  Advanced 
lung  preneoplastic  changes  occur  more  fre¬ 
quently  in  smokers  than  nonsmokers,  and 
they  increase  in  frequency  with  the  amount 
of  smoke  exposure,  adjusted  by  age  (92).  Risk 
factors  that  identify  normal  and  premalig- 
nant  bronchial  tissue  for  malignant  progres¬ 
sion  need  to  be  better  defined.  However, 
only  scant  information  is  available  regarding 
molecular  changes  in  the  respiratory  epithe¬ 
lium  of  smokers  without  cancer.  Two  inde¬ 
pendent  studies  show  that  the  genetic  changes 


(loss  of  heterozygosity  and  microsatellite  in¬ 
stability)  found  in  invasive  cancers  and  pre¬ 
neoplasia  can  also  be  identified  in  morpholog¬ 
ically  normal-appearing  bronchial  epithelium 
from  current  or  former  smokers,  and  they  may 
persist  for  many  years  after  smoking  cessation 
(39,  40).  In  general,  such  genetic  changes  are 
not  found  in  the  bronchial  epithelium  from 
true  nonsmokers.  As  has  been  observed  in  ep¬ 
ithelial  foci  accompanying  invasive  lung  car¬ 
cinoma  (27),  allelic  losses  on  chromosomes 
3p  and  9p  are  often  present.  These  findings 
support  the  hypothesis  that  identifying  ge¬ 
netic  abnormalities,  such  as  allelic  losses,  in 
biopsies  may  provide  new  methods  for  assess¬ 
ing  the  risk  of  smokers  developing  invasive 
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lung  cancer  and  monitoring  their  response  to 
chemoprevention. 

We  have  demonstrated  that  molecular 
changes  (allelic  loss  and  genomic  instability) 
in  the  bronchial  epithelium  may  persist  long 
after  smoking  cessation  (39,  40).  Of  interest, 
Lee  and  colleagues  (3  7)  reported  that  smoking 
appears  to  elicit  a  dose-related  proliferative 
response  in  the  bronchial  epithelia  of  active 
smokers  measured  by  the  Ki-67  proliferation 
index.  Although  the  proliferative  response  de¬ 
creased  gradually  in  former  smokers,  a  sub¬ 
set  of  individuals  had  detectable  prolifera¬ 
tion  for  many  years  after  quitting  smoking 
(37). 

Recent  results  on  methylation  analysis  of 
several  genes,  including  RAR( 1-2,  H-cadherin, 
APC,  pl6,NK4a,  and  RASFF1A,  indicate  that 
abnormal  gene  methylation  is  a  relatively 


frequent  occurrence  in  oropharyngeal  and 
bronchial  epithelial  cells  in  heavy  smok¬ 
ers  with  evidence  of  sputum  atypia  (93). 
Methylation  in  one  or  more  of  three  genes 
tested  (pi  6INK4‘,  GSTP1,  and  DAPK)  has  been 
demonstrated  in  bronchial  brush  specimens 
in  approximately  one  third  of  smoker  sub¬ 
jects  (94).  Aberrant  promoter  methylation  of 
pl6m K4a  was  seen  in  at  least  one  bronchial 
epithelial  site  from  44%  of  lung  cancer  pa¬ 
tients  and  cancer-free  smokers.  No  promoter 
methylation  of  these  genes  was  detected 
in  bronchial  epithelium  from  nonsmokers. 
These  results  indicate  that  aberrant  promoter 
hypermethylation  of  the  pi  6lNK4a  gene,  and  to 
a  lesser  extent,  DAPK ,  occurs  frequently  in 
the  bronchial  epithelium  of  lung  cancer  pa¬ 
tients  and  cancer-free  smokers  and  persists  af¬ 
ter  smoking  cessation  (95). 


1 .  Lung  cancer  results  from  the  accumulation  of  multiple  genetic  and  epigenetic  changes. 
Different  patterns  of  molecular  alterations  have  been  detected  among  the  major  lung 
cancer  histology  types. 

2.  Recent  findings  indicate  that  mutation  of  KRAS,  EGFR,  and  Her2/tieu  genes  occur 
almost  exclusively  in  lung  cancer  of  adenocarcinoma  histology. 

3.  There  are  three  main  morphologic  forms  of  preneoplastic  lesions  recognized  in  the 
lung:  squamous  dysplasias,  atypical  adenomatous  hyperplasia,  and  diffuse  idiopathic 
pulmonary  neuroendocrine  cell  hyperplasia.  However,  these  lesions  account  for  the 
development  of  only  a  subset  of  lung  cancers. 

4.  For  squamous  cell  carcinoma  of  the  lung,  the  current  working  model  indicates  a 
stepwise  sequence  of  molecular  and  histopathological  changes,  with  the  molecular 
abnormalities  starting  in  histologically  normal  and  mildly  abnormal  epithelia. 

5 .  AAH  is  considered  a  putative  precursor  of  a  subset  of  lung  adenocarcinoma,  and  they 
demonstrate  similar  molecular  changes  than  invasive  tumors. 

6.  Two  different  molecular  pathways  have  been  detected  in  lung  adenocarcinoma  patho¬ 
genesis:  smoking- related  pathways  associated  with  KRAS  mutations  and  nonsmoking- 
related  pathways  associated  with  EGFR  mutations;  the  latter  are  detected  in  histolog¬ 
ically  normal  respiratory  epithelium. 

7.  Molecular  changes  detected  in  lung  tumors  and  associated  preneoplastic  lesions  have 
been  detected  in  smoking-damaged  epithelium  of  smokers,  including  histologically 
normal  bronchial  epithelium. 
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8.  Molecular  changes  in  the  respiratory  epithelium  are  extensive  and  multifocal  through¬ 
out  the  bronchial  tree  of  smokers  and  lung  cancer  patients,  indicating  a  field  effect 
(i.e..  field  cancerization). 
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(Abstract  submitted  to  the  ENAR  meeting,  March  2005) 
A  response  surface  model  for  drug  combinations 

Maiying  Kong  and  J,  Jack  Lee 

Department  of  Biostatistics  and  Applied  Mathematics 

University  of  Texas  M.D.  Anderson  Cancer  Center 


When  drugs  having  like  effect  are  given  in  combinations,  investigators  often 
want  to  assess  whether  the  joint  effect  is  additive,  synergistic,  or  antagonistic. 
Several  response  surface  models  (Machado  and  Robinson  1994;  Greco  et  al 
1990;  Carter  et  al.  1988;  Plummer  and  Short  1990)  have  been  proposed  in  the 
literature  by  using  a  single  parameter  to  capture  synergism  or  antagonism.  Limitation 
of  these  models  exists  when  combinations  at  certain  doses  are  synergistic 
while  at  other  doses  of  the  exact  same  drugs  are  antagonistic. 

We  propose  a  response  surface  model,  where  a  function  of  doses  in  a  combination 
Instead  of  a  single  parameter  will  be  used  to  identify  and  quantify  departures  from 
additivity  for  different  combinations.  The  proposed  model  can  be  considered  as 
a  generalized  form  of  Plummer  and  Short’s  model  (1990),  and  could  capture 
all  forms  of  synergism,  antagonism,  and  additivity  at  different  combinations  of 
the  two  drugs.  Examples  will  be  given  to  illustrate  the  advantages  of  using  the 
proposed  method. 


Genetic  manipulation  of  immortalized  normal  human  bronchial  epithelial  cells 

Mitsuo  Sato ,  Luc  Girard ,  Michael  Peyton,  Ruben  D.  Ramirez,  Noriaki  Sunaga,  Adi  F. 
Gazdar ,  Jerry  W.  Shay,  John  D.  Minna.  UTsouthwestern  Medical  Center,  Dallas,  TX 

Purpose:  To  evaluate  the  oncogenic  impact  of  p53  knockdown,  mutant  K-RAS  , 
mutant  EGFR  alone  and  their  combination  on  tumorigenicity  of  a  newly  developed 
immortalized  human  bronchial  epithelial  cell  line. 

Background:  Molecular  analysis  of  lung  cancer  has  revealed  several  genetic  and 
epigenetic  alterations  in  the  multistep  pathogenesis  of  lung  cancer.  However,  little  is 
known  about  the  relative  importance  of  each  individual  alteration  on  the  tumorigenic 
process.  One  approach  is  to  use  a  model  system  in  which  the  contribution  of  each  genetic 
alteration  to  lung  tumorigenesis  can  be  assessed  individually  and  combinatorially.  We 
have  developed  an  in  vitro  model  system  using  normal  human  bronchial  epithelial  cells 
that  overexpress  Cyclin-dependent  kinase  4  and  human  telomerase.  Ectopic  expression  of 
these  two  genes  enables  the  cells  to  bypass  the  growth  inhibitory  signals  of  the  pl6/Rb 
pathway  and  also  replicative  senescence  induced  by  shortened  telomeres.  We 
manipulated  this  cell  line  (HBEC3),  by  stably  knocking  down  p53  using  RNA 
interference,  by  introducing  a  mutant  form  of  K-RASV12,  and  by  introducing  a  mutant 
epidermal  growth  factor  receptor  (EGFR),  alone  and  in  combination. 

Methods:  pSuper.retro  vector  was  used  for  p53  knockdown  and  a  mutant  K-RAS  and 
mutant  EGFRs  (EGFRdd746'750  and  EGFRL858R)  were  introduced  using  viral  expression 
vectors.  To  test  the  genetically  manipulated  lines  for  changes  in  their  malignant  potential, 
growth  in  liquid  culture,  colony  formation  ability,  growth  factor  dependence,  and  growth 
as  xenografts  in  immuno-compromised  mice  were  performed.  To  determine  the  effect  of 
tyrosine  kinase  inhibitors  (TKIs)  (gefitinib  and  erlotinib)  on  manipulated  HBEC3  cells 
and  to  assess  their  potential  as  chemopreventive  agents,  the  cells  were  evaluated  both  in 
the  presence  or  absence  of  these  drugs  for  colony  forming  ability. 

Results:  Stable  knockdown  of  p53  and  overexpression  of  mutant  EGFR  were  confirmed 
by  immunoblotting  in  manipulated  cells.  K-RASV1~  expression  was  confirmed  by  RFLP 
analysis.  p53  knockdown  and  K-RASV'2  alone  caused  cells  to  be  less  sensitive  to  contact 
inhibition  and  to  be  capable  of  partial  anchorage-independent  growth.  The  combination 
of  p53  knockdown  and  K-RASVI2  further  enhanced  the  tumorigenic  phenotype  by  growth 
in  soft  agar  but  failed  to  cause  cells  to  form  tumors  in  nude  mice.  In  addition,  the  ability 
of  both  anchorage-dependent  and-independent  cell  growth  of  HBEC3  cells  was  highly 
dependent  on  epidermal  growth  factor  (EGF)  and  this  ability  was  completely  inhibited 
with  TKIs.  Both  types  of  mutant  EGFRs  enhanced  the  tumorigenic  phenotype  by  growth 
in  soft  agar.  Importantly,  introduction  of  mutant  EGFRL858R  into  the  HBEC3-p53 
knockdown  cells  abrogated  EGF  dependence  as  measured  by  anchorage-independent 
colony  formation  ability.  These  results  demonstrate  that  this  isogenic  in  vitro  model 
system  is  a  powerful  approach  for  studying  lung  cancer  development. 


FLIP  downregulation  and  its  impact  on  celecoxib-induced  apoptosis  in  human  lung 
cancer  cells.  Xiangguo  Liu,  Ping  Yue,  Fadlo  R.  Khuri,  Shi-Yong  Sun.  Winship  Cancer 

Institute,  Emory  University  School  of  Medicine,  Atlanta,  GA. 

The  cyclooxygenease-2  (COX-2)  inhibitor  celecoxib  is  an  approved  drug  in  the  clinic 
for  colon  cancer  chemoprevention  and  has  been  tested  for  its  chemopreventive  and 
therapeutic  efficacy  in  various  clinical  trials.  Celecoxib  induces  apoptosis  in  a  variety  of 
human  cancer  cells  including  lung  cancer  cells.  Our  previous  work  has  demonstrated  that 
celecoxib  induces  DR5  expression,  resulting  in  induction  of  apoptosis  and  enhancement 
of  tumor  necrosis  factor-related  apoptosis-inducing  ligand  (TRAIL)-induced  apoptosis  in 
human  lung  cancer  cells  (Liu  et  al,  JNCI,  2004).  In  the  current  study,  we  found  for  the 
first  time  that  celecoxib  downregulated  the  expression  of  FLIPs  (i.e.,  FLIPl  and  FLIPS), 
major  negative  regulators  of  the  death  receptor-mediated  extrinsic  apoptotic  pathway,  in 
human  lung  cancer  cells.  Overexpression  of  FLIPs,  particularly  FLIPl,  inhibited  not  only 
celecoxib-induced  apoptosis,  but  also  apoptosis  induced  by  the  combination  of  celecoxib 
and  TRAIL.  These  results  thus  indicate  that  FLIP  downregulation  also  contributes  to 
celecoxib-induced  apoptosis  and  enhancement  of  TRAIL-induced  apoptosis,  which 
compliment  our  previous  finding  that  the  DR5-mediated  extrinsic  apoptotic  pathway 
plays  a  critical  role  in  celecoxib-induced  apoptosis  in  human  lung  cancer  cells. 
Collectively,  we  conclude  that  celecoxib  induces  apoptosis  in  human  lung  cancer  cells 
through  activation  of  the  extrinsic  apoptotic  pathway,  primarily  by  induction  of  DR5  and 
downregulation  of  FLIP.  (Supported  in  part  by  WCI  faculty  start-up  research  fund,  GCC 
Distinguished  Cancer  Scholar  award  and  DOD  VITAL  grant  W81XWH-04-1-0142). 
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The  identification  of  individuals  at  high  risk  for  lung  cancer  is  critical  for  individualized 
clinical  management  and  is  important  for  the  identification  of  suitable  subjects  for 
chemoprevention  trials.  Using  chromosome  in  situ  hybridization  (CISH)  technology,  we 
previously  demonstrated  the  presence  of  chromosomal  instability  and  multifocal 
clonal/subclonal  outgrowths  in  the  bronchial  epithelium  of  current  and  former  smokers. 
We  also  verified  the  presence  of  these  clonal/subclonal  outgrowths  in  normal-appearing 
bronchial  epithelium  in  lung  cancer  resections  using  fluorescence  inter-simple  sequence 
repeat  PCR  (FISSR-PCR)  analysis,  a  DNA  fingerprinting  methodology.  To  evaluate  and 
compare  FISSR-PCR  and  CISH  technologies  for  accessing  genetic  instability  and 
clonal/subclonal  outgrowth,  we  subjected  frozen  bronchial  biopsies  obtained  prior  to 
entry  onto  a  chemoprevention  trial  to  FISSR-PCR  analysis  from  sixteen  (16)  current 
smokers  without  lung  cancer.  The  group  of  biopsies  from  these  same  individuals  have 
previously  been  analyzed  by  CISH  and  exhibited  a  wide  range  of  chromosomal  changes. 
Multiple  regions  (i.e.,  1-4  areas  each)  of  bronchial  epithelium  and  stroma  were 
microdissected,  and  purified  genomic  DNA  was  analyzed  by  FISSR-PCR  using  three  sets 
of  primers  ((CA)8RG,  (CA)gRY,  and  (AGC)4Y),  providing  a  maximum  of  350 
informative  DNA  bands  of  varying  lengths.  Overall,  we  detected  from  0  to  55  total  band 
changes  per  microdissected  epithelial  region  (median  =1.6  per  100  DNA  bands). 
Different  regions  within  the  same  bronchial  biopsies  showed  both  common  and  distinct 
DNA  band  changes,  suggesting  subclonal  variations  even  within  a  single  biopsy.  We  also 
detected  from  0-20  total  band  changes  per  microdissected  stromal  region  (median  =  1 .0 
per  100  DNA  bands),  suggesting  the  presence  of  clonal  outgrowths  even  in  the  stroma. 
Interestingly,  bronchial  biopsies  with  high  clonal  frequencies  showed  increased  clonal 


change  in  the  associated  stroma  (p  =0.04,  two-tailed  chi  square).  Importantly,  bronchial 
biopsies  from  individuals  showing  high  clonal  changes  by  FISSR-PCR  also  showed 
evidence  of  high  clonal  change  by  CISH  (R2  =  0.3).  These  results  confirm  the  existence 
of  clonal/subclonal  outgrowths  in  both  the  bronchial  epithelium  and  stroma  of  smokers. 
With  future  improvements  in  microdissection,  automated  genomic  DNA  extraction,  and 
DNA  sequencing,  FISSR-PCR  has  potential  to  be  a  sensitive  method  with  high  dynamic 
range  to  detect  clonal/subclonal  outgrowths  in  lung  tissue.  Such  a  methodology  may  be  of 
use  in  identifying  individuals  at  high  risk  for  developing  lung  cancer.  Supported  in  part 
by  DAMD1 7-02-1 -0706,  NIH/NCI  CA-91844,  and  EDRNNCI  CA-86390. 
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